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There is strong commercial interest in renewable energy including bio-ethanol 
production as the world is faced with increased energy needs compounded by 
depleting sources of fossil fuel. Yeast was successfully immobilised in alginate beads 
to form bioreactors for fermentation processes to produce bio-ethanol. The 
immobilised yeast was found to be protected from environmental stress and ethanol 
toxicity, enabling higher fermentation efficiency compared to free yeast. However, 
these bioreactors were not very durable and this limited their application in 
continuous fermentation processes. In this study, it was postulated that the use of 
encapsulated yeast would improve fermentation productivity and reduce production 
cost. Micro-bioreactors in the form of microspheres would be preferred as the latter 
has high surface to volume ratio, which minimises mass transfer restriction. 
Furthermore, appropriate choice of polymer would enable the production of stable 
micro-bioreactors that could be easily recovered and re-used in subsequent 
fermentation processes. Hence, this study investigated the feasibility of the 
emulsification method to encapsulate yeast cells using alginate and gellan gum.  
 
Two different types of yeast cells, Saccharomyces cerevisiae ATCC 9763 (SCA) and 
Turbo Extra Yeast (TEY) were successfully encapsulated in gellan gum and calcium 
alginate microspheres by the emulsification method. The micro-bioreactors containing 
TEY exhibited higher fermentation ability than that of the micro-bioreactors 
containing SCA. Compared to free yeast cells, the fermentation time required by the 
micro-bioreactors was longer as time was needed for liberation of yeast cells into the 
fermentation medium to carry out fermentation. Presence of the encapsulating 




time to achieve maximum ethanol yield. The encapsulation process also exerted stress 
to the encapsulated cells and further prolonged the fermentation time. The gellan gum 
micro-bioreactors were relatively more stable than the calcium alginate micro-
bioreactors, as the latter were found to have disintegrated at the end of the 
fermentation process due to the acidic condition of the fermentation medium. 
Breakthrough of yeast cells from all the micro-bioreactors was observed at the end of 
the fermentation process. 
 
Calcium alginate micro-bioreactors composed of TEY cells were also successfully 
produced on a larger scale by the emulsification method using a higher viscosity grade 
of alginate. Scaffold-coating of the calcium alginate micro-bioreactors with 
ethylcellulose (EC) by spray drying was carried out in an attempt to strengthen the 
calcium alginate micro-bioreactors and prevent cell breakthrough. The spray drying 
process significantly reduced the viability and fermentation efficiency of the 
encapsulated cells. Scaffold-coating of micro-bioreactors could not prevent 
breakthrough of cells. Yeast cells were liberated into the fermentation medium upon 
rupture of the EC coat caused by swelling of the underlying calcium alginate matrix. 
 
The micro-bioreactors could be easily recovered from the fermentation media and re-
used at least up to fifteen cycles of fermentation with relatively high ethanol yields. 
The fermentation efficiency of the micro-bioreactors increased with successive 
fermentation cycle. The micro-bioreactors were stable and strong, remaining intact 
throughout repeated use. Besides contributing to the production of ethanol, the micro-
bioreactors played a greater role as a reservoir for generation of free yeast to carry out 
fermentation. 
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A1. Bio-fuels as alternative renewable and sustainable energy 
Petroleum is derived from fossilised deposits of animals and plants. It is currently the 
major energy source to meet the burgeoning global demand for energy. Experts have 
predicted that the world’s petroleum supply will decline after reaching its midpoint of 
depletion sometime around the year 2010 (Tashtoush et al., 2007; McMillan, 1997). 
More importantly, energy requirements have increased drastically with the rapid 
developments in heavily populated nations of Asia. Clearly, demands will outstrip the 
supply if the situation is left unchecked. Sustainability of petroleum and associated 
pollution problems, as well as global warming effects, are the major impetus to search 
for alternative renewable and sustainable energy sources. Bio-fuels are the key 
options to mitigate greenhouse gas emission and fossil fuel-associated pollutions 
(Mathews, 2007; Hamelinck and Faaij, 2006). The use of bio-fuels can significantly 
reduce the net greenhouse gas emissions and thus helps to slow down the global 
warming crisis. Bio-fuels are renewable energy fuels derived from biological 
materials such as plants, woods, wastes, chaffs and manures. Much research is 
currently in progress to harness these underutilised sources of energy. Hence, bio-
fuels are fast becoming a viable solution for alternative sustainable and renewable 
energy source to fossil fuels (Demirbas, 2007; Gray et al., 2006; Hamelinck and Faaij, 
2006).  
 
A2. Advantages of bio-fuels 
Bio-fuels possess one major advantage over conventional fuels such as petroleum and 




burning of the fuel and carbon dioxide uptake by plants, thereby avoiding the 
greenhouse effect that causes global warming (Blottnitz and Curran, 2007; Romm, 
2006; Ryan et al., 2006). Similar to fossil fuels, burning of bio-fuels also generates 
carbon dioxide. However, bio-fuels are derived from the sugars and oils produced by 
plants via photosynthesis (Yazdani and Gonzalez, 2007). The photosynthesis process 
requires utilisation of carbon dioxide, therefore the net carbon dioxide produced by 
burning of bio-fuels is lower compared to that of fossil fuels. Two principal types of 
bio-fuel are bio-oils and bio-alcohols. Both bio-ethanol and bio-diesel are renewable 
liquid fuels produced from biomass. Bio-oils, which include bio-diesel, are composed 
of esters produced from plant oils, such as palm oil and rapeseed oil (Mąlca and 
Freire, 2006). They are typically added into conventional diesel to produce bio-diesel 
blends (Henke et al., 2005). Bio-alcohols, such as bio-ethanol and bio-butanol, are 
obtained from fermentation processes (Mąlca and Freire, 2006). They are typically 




B1. Application of bio-ethanol in transportation 
Bio-ethanol is the most widely used liquid bio-fuel for automobile vehicles. It is 
commonly used as a gasoline additive and is regarded as the most promising 
renewable fuel to substitute gasoline (Demirbas, 2007; Wu et al., 2004). Bio-ethanol 
is a high-quality octane enhancer that has higher octane ratings than gasoline. It has 
been used to replace lead as an octane enhancer in gasoline (Hamelinck and Faaij, 
2006; Mąlca and Freire, 2006). Addition of bio-ethanol reduces the resistance of 




(Mąlca and Freire, 2006; Wu et al., 2004). This allows the engine to run smoothly at 
higher compression ratio and delivers more power to the engine efficiently and 
economically (Agarwal, 2007). The use of toxic additives, such as tetra ethyl lead, 
benzene and methyl tertiary butyl ether (MTBE) to raise the octane level of pure 
gasoline is not necessary when bio-ethanol or gasohol is used (Mąlca and Freire, 
2006; Wu et al., 2004). In addition, combustion of bio-ethanol is cleaner than gasoline 
(Bomb et al., 2007). Addition of bio-ethanol to gasoline increases the oxygen content 
of the fuel and thus improves the combustion of gasoline (Mąlca and Freire, 2006; 
Wu et al., 2004). This will result in less exhaust emission of carbon monoxide and 
unburned hydrocarbon residues due to incomplete combustion (Agarwal, 2007; Bomb 
et al., 2007). Exposure to these substances emitted by motor vehicles has 
demonstrated adverse effects on health (Kanishtha et al., 2006). In addition to the 
aforementioned advantages, blending of ethanol helps to prolong the availability of 
diminishing petroleum and ensures greater fuel security by avoiding heavy reliance on 
petroleum-producing nations (Ryan et al., 2006; McMillan, 1997). Promotion of bio-
ethanol usage will also boost the rural economy by growing the necessary feedstock 
crops (Agarwal, 2007; Bomb et al., 2007; Demirbas and Demirbas, 2007). However, 
the application of bio-ethanol is limited by its relatively high cost of production. Thus, 
it is imperative to seek for a solution to reduce the cost of bio-ethanol production. 
 
B2. Production of bio-ethanol 
Bio-alcohols, such as ethanol, methanol and propanol are produced by the action of 
microorganisms. Ethanol or ethyl alcohol (C2H5OH) is a colorless liquid that is 
miscible with water (McMillan, 1997). It is biodegradable, has relatively low toxicity 




bio-ethanol traditionally involves the fermentation of sucrose or simple sugars by 
yeast cells, usually Saccharomyces cerevisiae (Gray et al., 2006). The yeast cells 
produce an enzyme, invertase, that catalyses the hydrolysis of sucrose to produce 
glucose and fructose. The glucose and fructose are then converted into bio-ethanol by 
the action of another enzyme, zymase, produced by the yeast cells. (Bro et al., 2006; 
Henke et al., 2006). The ethanol produced is isolated by distillation or rectification, 
followed by dehydration and purification before blending with gasoline (Amigun et 
al., 2008; Hamelinck and Faaij, 2006). 
 
 
   
 
 
Bio-ethanol is commercially produced from primary residues, such as starchy- or 
sugar-rich food crops which include sugar cane, wheat and corn (Bomb et al., 2007). 
Production of bio-ethanol from food crops is less desirable because of the low net 
energy yield from such crops that require valuable agricultural land, fertilisers and 
labour (Demirbas, 2007). Lignocellulosics are remarkably pure organic polymer 
materials that are fast becoming the feedstock for ethanol production in many 
countries. Production of bio-ethanol from residual organic matters, such as 

























interference of the food chain (Hamelinck and Faaij, 2006; Kim and Dale, 2004). 
Besides, ethanol production offers an attractive way to dispose off these cellulosic 
wastes (Gray et al., 2006; Kim and Dale, 2004; McMillan, 1997). There are abundant 
lignocellulosic biomass resources readily available in most parts of the world. The use 
of such biomass in bio-ethanol production is especially attractive because it is 
sustainable and renewable. However, such biomass requires pre-treatment processes 
that involve costly enzymes. The biomass is first treated and then hydrolysed to form 
sugars before fermentation to produce bio-ethanol. The biomass is pre-treated by 
mechanical (milling, grinding and chipping) and chemical (pyrolysis) actions to 
destroy the cell structure and break the lignocellulosic matrices to allow the removal 
and degradation of lignin constituents (Demirbas and Demirbas, 2007). The 
hemicellulose hydrolysate produced are then hydrolysed by cellulolytic enzymes or 
inorganic acids into sugars before fermentation by yeast cells or bacteria to produce 
bio-ethanol (Demirbas and Demirbas, 2007; Foyle et al., 2007; Sticklen, 2006).  
 
C. Saccharomyces cerevisiae 
Saccharomyces cerevisiae (Figure 1) is a unicellular eukaryotic microorganism 
classified in the kingdom Fungi. It is also known as baker’s yeast or brewer’s yeast 
and is commonly used in baking and brewery. Yeast cells reproduce asexually by 
budding and the size of the yeast cells is typically 3 to 4 µm in diameter. Yeast cells 
are chemoorganotrophs that utilise hexose sugars and disaccharides as a source of 
energy. Yeast cells undergo aerobic cellular respiration in the presence of oxygen and 
are also facultative anaerobes that undergo fermentation to produce ethanol. The 
optimal growth conditions for yeast cells are 30 to 37 °C and pH 4 to 6. They are 




has been genetically engineered to improve fermentation efficiency and the ability to 
co-ferment hexoses and pentoses from lignocellulosics (Cardona and Sánchez, 2007; 
Chu and Lee, 2007; Bro et al., 2006; Ho et al., 1998). 
 
 
Figure 1. Morphology of Saccharomyces cerevisiae. 
 
D. Bioreactors 
D1. Advantages of using bioreactors in fermentation processes 
A bioreactor is a device composed of living microorganisms used to synthesise or 
breakdown substances. Bioreactors are typically constructed in the form of hollow 
fiber, membrane or bead with immobilised microorganisms (Carleysmith et al., 1991). 
Immobilisation of yeast cells has been widely explored in the wine-making and 
brewery industries for continuous fermentation. It has also caught the interest of many 
researchers investigating on the production of bio-ethanol (Brányik et al., 2001; Park 
and Chang, 2000; Green et al., 1996; Mensour et al., 1996; Audet and Lacroix, 1989). 
Fermentation using immobilised yeast cells was reported to improve bio-ethanol 
productivity (Pátková et al., 2000; Doran and Bailey, 1985). The immobilised yeast 







fermentation, especially ethanol (Desimone et al., 2002; Pátková et al., 2000). This 
was attributed to rapid build-up of concentration gradient of the metabolites within the 
bioreactor, thereby facilitating their transport out, into the surrounding medium 
(Pilkington et al., 1998). The viability of the immobilised cells was thus preserved 
and this enabled higher fermentation efficiency of the bioreactor (Navrátil et al., 
2001; Pátková et al. 2000; Pilkington et al., 1998; Barron et al., 1996; Roukas, 1996). 
Melzoch et al. (1994) and Dror et al. (1988) also reported that the microbial cells 
entrapped in gels demonstrated higher survival rate compared to free microbial cells. 
Besides serving as a barrier to harmful by-products, the encapsulant matrix provides 
mechanical support to the encapsulated cells. Encapsulation of yeast cells within a 
polymer matrix was also found to increase the osmotolerance of the encapsulated 
yeast cells (Holcberg and Margalith, 1981). Yeast cells had been successfully 
immobilised in alginate and carrageenan microspheres for fermentation processes to 
produce bio-ethanol. The encapsulated yeast was found to be protected from 
environmental stress and exhibited higher tolerance towards ethanol toxicity, enabling 
higher fermentation efficiency compared to free yeast cells (Sun et al., 2007, 
Raymond et al., 2004; Barron et al., 1996; Roukas, 1996; Dror et al., 1988). 
However, the calcium alginate microspheres were relatively unstable, causing the 
cells to be liberated into the fermentation medium. Hence, studies were carried out to 
scaffold-coat the calcium alginate micro-bioreactors to protect and improve the 
mechanical strength of the calcium alginate matrix during fermentation. 
 
In contrast to free yeast cells, the bioreactors are larger in size and can be easily 
recovered from the reaction medium by filtration. The recovered bioreactors may be 




beneficial for continuous fermentation processes, where they can be packed into 
columns through which the reaction medium is allowed to flow at an appropriate rate. 
Brányik et al. (2001) had demonstrated that column reactors containing immobilised 
yeast could be used for continuous fermentation. Using an appropriate encapsulating 
polymer, the immobilised cells may be protected from the adverse conditions. Hence, 
the use of such bioreactors will further enable consolidated bio-processing (CBP) to 
be carried out. In the CBP process, the hydrolysis step is integrated with the 
fermentation step in a single reactor vessel, making the production of bio-ethanol 
from lignocellulosic biomass more cost-effective (Cardona and Sánchez, 2007; 
Hamelinck and Faaij, 2006; Hahn-Hägerdal et al., 2006). Overall, the use of 
bioreactors is postulated to improve the fermentation process productivity and reduce 
the bio-ethanol production cost. 
 
E. Microencapsulation 
Microencapsulation is a process in which a liquid or solid material is entrapped within 
a polymer matrix or surrounded by a coat to form particles with size ranging from 1 to 
2000 µm. It is commonly employed to mask unpleasant taste of drugs, to control 
release of encapsulated drugs and to prevent degradation of sensitive and volatile 
substances. Microencapsulation is one of the techniques used to immobilise 
microorganisms as bioreactors for various applications such as fermentation and 
production of dairy products such as yoghurt and cheese (Hansen et al., 2002; Sultana 
et al., 2000; Esquisabel et al., 1997). Microencapsulation of cells holds significant 
promises for biotechnology and the medical field because it allows high cell loading 
capacity, enhances cell survival and increases the production rate of the desired 




E1. Microencapsulation of microbial cells 
The techniques employed for encapsulation of microbial cells are emulsification, 
extrusion, complex-coacervation, spray drying, gel entrapment and radiation 
polymerisation (Table 1). Each technique has its advantages and limitations. The 
choice of techniques employed is dependent on the encapsulating material, the type of 
microorganism and the desired microsphere properties (Chan et al., 2000; Wan et al., 
1993).  
 
Extrusion method using alginate as the encapsulating material is the most commonly 
used for immobilisation of microbial cells (Koyama and Seki, 2004; Nedović et al., 
2001; Park and Chang, 2000; Green et al., 1996). This is because of its mild process 
conditions that allow encapsulation to be carried out with minimum damage to the 
microorganisms (Wan et al., 1994). This method employs a simple device with one or 
more orifices through which the dispersion of microorganisms in alginate solution is 
extruded as small droplets. Large scale production by extrusion for industrial 
application was found to be difficult and not practical even with additional features, 
such as air jet and vibration units, because of operational problems relating to orifice 
blockage, cleaning and sanitation (Champagne et al., 2000; Green et al., 1996). The 
beads produced are rather large, approximately 1 mm in diameter (Fundueanu et al., 
1998; Wan et al., 1992). Microspheres are usually preferred in encapsulation of 
microbial cells to form micro-bioreactors because of their small size with high surface 
area to volume ratio for efficient mass transfer. The reverse is observed for large 
beads, which limit cellular metabolism and thus produce lower yields than the 





Table 1. Techniques employed for encapsulation of microbial cells 
Technique Characteristics and features Research group 
Emulsification 
Dispersion of polymer solution 
containing cells in an immiscible 
continuous phase by using high-
speed impeller to produce small 
microspheres  
Moslemy et al., 2002; 
Moslemy et al., 2003; 
Esquisabel et al., 1997 
Extrusion 
Extrusion of polymer solution 
containing cells through an orifice 
to form beads 
Nedović et al., 2001; 
Park and Chang, 2000; 
Sun and Griffiths, 2000; 
Yoo et al., 1996 
Complex-
coacervation 
Manipulation of pH to induce 
formation of 
coacervates/microcapsules to 
encapsulate cells using two 
oppositely charged polymers  
Park and Chang, 2000 
Spray drying 
Atomisation of polymer solution 
containing cells to form small 





Entrapment/cultivation of cells in 
hollow fibre or membranes 
Inama et al., 1993; 




of material to entrap cells 




Extrusion device with smaller bore can produce smaller beads but orifice clogging is 
usually encountered, especially in the production of beads less than 100 µm in size 
(Fundueanu et al., 1998; Chan et al., 1997). An alternative encapsulation technique 
based on an emulsification process has been developed to overcome this problem 
(Heng et al., 2003; Chan et al., 1997; Wan et al., 1992). Many studies have been 
carried out on the immobilisation of drugs by the emulsification of an aqueous gel-
forming solution in an immiscible phase composed of an organic solvent or oil 
(Belyaeva et al., 2004). 
 
E2. Production of micro-bioreactors by emulsification method 
The emulsification method is able to produce very small microspheres with diameter 
ranging from a few microns to almost a millimetre (Stormo and Crawford, 1992). 
However, the size distribution of the microspheres obtained is larger compared to that 
of beads produced by the extrusion method (Iwamoto et al., 2002; Wan et al., 1992). 
Emulsification is typically carried out in a vessel where the solution of encapsulating 
polymer with core material is dispersed in an immiscible organic phase by using a 
high-speed impeller (Belyaeva et al., 2004; Heng et al., 2003). The dispersed droplets 
are stabilised by addition of a mixture of surfactants (Sajjadi, 2006). Microspheres are 
formed by gelation of the droplets using different approaches that depend on the 
nature of the encapsulating polymer. For example, microspheres composed of 
carrageenan, gellan gum or agarose were produced by manipulating the processing 
temperature (Belyaeva et al., 2004) while those composed of alginate or pectin were 





Microencapsulation by emulsification requires strict control of a number of 
parameters, such as concentration of polymer, type and amount of surfactants 
(Dinarvand, 2005; Wan et al., 1994), HLB value of surfactant blends (Sajjadi, 2006; 
Dinarvand et al, 2005; Wan et al., 1993), stirring speed as well as type and 
concentration of congealing agent (Heng et al., 2003) to obtain microspheres with 
desired characteristics and encapsulation efficiency. Stability of the emulsion is a pre-
requisite for successful encapsulation. This is achieved by addition of emulsifier such 
as surfactants. Smaller microspheres with high encapsulation efficiency are usually 
obtained using surfactants with the appropriate HLB value (Dinarvand et al, 2005). 
The size of the dispersed droplets in the emulsion stage will determine the size of the 
microspheres produced. In addition to surfactants, the droplet size is also influenced 
by the stirring speed and polymer viscosity (Belyaeva et al., 2004). Polymer choice is 
critical as it will affect the properties of the microspheres, which constitute the micro-
bioreactor. The features of the microspheres are influenced by the chemical structure 
and molecular size of the encapsulating polymer.  
 
F. Biopolymers for encapsulation of cells 
The choice of polymer and technique for encapsulation of microbial cells is crucial 
owing to the sensitivity of microorganisms to stress. Natural biodegradable 
polysaccharides, such as pectin, alginate, carrageenan and agarose, are generally 
preferred because they are composed of biologically derived biocompatible polymers 
which are non-toxic and easily congealed under mild conditions (Belyaeva et al., 
2004; Park et al., 2004; Lee et al., 2003; Lamas et al., 2001; Navrátil et al., 2001; 
Okamoto and Kubota, 1996; Audet and Lacroix, 1989). Water-soluble 




the food industry. Their application in biotechnology is expanding especially as 
immobilisation materials for various types of living cells (Skjåk-Bræk et al., 1989). 
 
F1. Alginates 
Alginates possess viscosity-imparting property, gelling, stabilising and ion-binding 
abilities (Chan and Heng, 1998; Mancini et al., 1996; Thu et al., 1996; Stokke and 
Smidsrod, 1993). These alginate properties have been exploited for a broad range of 
applications in the food and pharmaceutical industries. Among all the natural 
polysaccharides, alginate stands out as one of the most useful biopolymers with a long 
history of use for immobilisation of cells. This is partly attributed to the possibility of 
encapsulation under simple and mild conditions (Champagne et al., 2000; Dömény et 
al., 1998; Green et al., 1996; Thu et al., 1996). Furthermore, alginate is readily 
available and inexpensive (Gemeiner et al., 1996). Immobilisation of microbial cells 
in calcium alginate beads had been extensively studied to improve the viability of the 
microorganisms for various applications. Alginates have been used to immobilise 
Lactobacillus for food application (Kim et al., 2008; Tsen et al., 2007), Bacillus and 
Streptomyces for soil bio-augmentation (Jézéquel and Lebeau, 2008) and Bacillus and 
Pseudomonas for agriculture to promote plant growth (Rekha et al., 2007). 
Immobilisation of yeast cells in calcium alginate beads to improve the fermentation 
process had also been studied (Purwadi and Taherzadeh, 2008; Swain et al., 2007; 
Dömény et al., 1998). Extensive research had been carried out on microencapsulation 
of drugs with alginates using the emulsification method (Chan and Heng, 1998; Chan 
et al., 1997). However, the feasibility of this method for encapsulation of microbial 





F1.1. Sources of alginates 
Alginate is one of the few polysaccharides that can be obtained from both the 
eukaryotes (seaweeds) and the prokaryotes (bacteria) (Lee et al., 1996). The algal 
alginate is mainly extracted from marine brown algae, Phaeophyceae (Figure 2a).  
Alginates are usually extracted from the genus Macrocystis and other genera such as 
Durvillea and Sargassum to obtain alginates of low viscosity (Gacesa, 1988). 
Alginates can also be obtained from bacteria cultures (Figure 2b). The original 
microbial sources of alginate are Azotobacter vinelandii and Pseudomonas 
aeruginosa (Gacesa, 1988). Alginate-producing strains that were subsequently 
isolated include Pseudomonas fluorescens, Pseudomonas mendocina, Pseudomonas 
putida and Pseudomonas syringae (Lee et al., 1996). Azotobacter vinelandii produces 
alginates with a range of block structures that are relatively similar to those obtained 
from some species of seaweeds. In contrast, the alginates produced by the 
Pseudomonads are devoid of poly-guluronate blocks and differ markedly from the 
algal alginates. Alginates with more poly-guluronate blocks have higher commercial 
value (Gacesa, 1988). 
 
F1.2. Molecular structure of alginates 
Algal alginates are linear polymers made up of (1 → 4) linked residues of β-D-
mannuronic acid (M) and α-L-guluronic acid (G) (Figure 3a) (Gacesa, 1988). The 
monomers are arranged in blocks that are joined to form the alginate molecule. There 
are three types of blocks: poly-(β-D-mannosyluronate) or MM block, poly-(α-L-
gulosyluronate) or GG block and MG block (Figure 3b) (Blandino et al., 1999; 













Figure 2. Macroscopic and microscopic appearance of (a) marine brown algae, 





































































































































The two uronic acids have different conformations, 4C1 for D-mannuronate and 1C4 for 
L-guluronate, so that the carboxyl group is in the energetically favoured equatorial 
position (Figure 3a). The regions dominated by MM blocks form extended flat 
ribbon-like structures, while the regions rich in GG blocks form buckled chains 
(Figure 3b) (Lee et al., 1996; Papageorgiou et al., 1994; Gacesa, 1988). The physical 
properties of alginate gel are affected by the chemical composition, molecular weight 
and concentration of the polymer, as well as the sequence of block arrangement 
(Blandino et al., 1999; Moe et al., 1992). The fraction and sequence of the G and M 
residues depend on the source from which the polymer is obtained (Stokke and 
Smidsrod, 1993). The relative stiffness of the three types of blocks present in the 
polymer increases in the following order: MG block < MM block < GG block (Draget 
et al., 2001). 
 
F1.3. Gelation of alginates 
Alginates are commercially available in the form of water-soluble sodium alginate. 
The pH of the solvent affects the electrostatic charges of the uronic acid residues and 
thus the solubility of alginates in water (Hartmann et al., 2006). The polyanionic 
alginate is readily cross-linked by polyvalent cations to form a gel. Alginates rich in 
guluronate form strong but brittle gels while those rich in mannuronate produce 
softer, weaker, more elastic and flexible gels (Mancini et al., 1999; Thu et al., 1996, 
Gacesa, 1988). This is attributed to the conformation of the GG blocks that favours 
the junction formation, thereby shortening the elastic segment and at the same time 
contracting the primary network structure (Draget et al., 2001). At the same 
concentration, alginates with high M : G ratios generally produce solutions of low 




al., 1996). Gelation of alginate was found to be affected by the composition of the 
polymer as well as the concentration of divalent cations used, where gel strength 
increased with increasing poly-guluronate content and cation activity (Papageorgiou 
et al., 1994; Oates et al., 1993). The MM, GG and MG blocks are known to exhibit 
differing extent of interaction with Ca2+, resulting in variation of gel strength with 
different alginate compositions (Lee et al., 1996). The buckled chain conformation of 
the repeating units of GG blocks form cavities that can accommodate the cation 
(Papageorgiou et al., 1994). This contributes to the much stronger interaction of Ca2+ 
with the poly-guluronate compared to the poly-mannuronate blocks (Gacesa, 1988). 
 
The poly-guluronate junction zones are likened to the cross-section of an ‘egg-box’ 
where Ca2+ ions are the ‘eggs’ within the ‘egg-box’-like cross-sections of the poly-
guluronate block (Figure 4a) (Grant et al., 1973). The binding of Ca2+ between the 
aligned poly-guluronate blocks of two alginate chains leads to alginate gelation 
(Figure 4a) (Blandino et al., 1999; Lee et al., 1996). The poly-guluronate junction 
zones are terminated by the presence of non-interaction regions such as the MM 
blocks and to a lesser extent by the MG blocks (Figure 4b). Maximum gel strength is 
reached when Ca2+ concentration is equivalent to the amount of guluronic acid 
residues present (Figure 4c) (Draget et al., 1991). 
 
F1.4. Limitations of alginates as bio-encapsulant 
Cell encapsulation using alginates has limitations due to the inherent nature of the 
polymer. Being a biodegradable polydisperse material that undergoes reversible ionic 












Figure 4. Diagrams of (a) calcium alginate ‘egg-box’ structure, (b) cross-linked 



















Sodium alginate Calcium alginate Calcium alginate 
Ca2+ Ca2+ 
MM block 
Cross-linked GG block 
High M:G ratio Low M:G ratio 
MM block 




The gel macrostructure stability will be compromised in the presence of chelating 
agents with high affinity for Ca2+ such as phosphate and citrate (Thu et al., 1996; 
Vogelsang and Østgaard, 1996). High concentration of non-gelling ions such as Na+ 
and Mg2+ will also compete with Ca2+ to bind to the carboxyl groups of the alginate 
and consequently disrupt the gel network (Thu et al., 1996; Vogelsang and Østgaard, 
1996). The formation of ‘egg-box’ structure in the cross-linked alginate is dependent 
on the strength and selectivity of the interaction between the cations and the poly-
guluronate blocks. The calcium ions are able to bind the poly-guluronate blocks to 
induce gelation of alginate. In contrast, the magnesium ions are unable to do so 
because of their small size which reduces the ability of the cations to bind the poly-
guluronate blocks together (McDowell, 1977). The atomic radii of calcium and 
magnesium ions are 197 and 160 pm respectively. In addition, the presence of poly-
phenols, which are sea contaminants that could not be completely removed during 
alginate purification, might be harmful to certain types of cells (Thu et al., 1996). 
Depolymerisation of alginate occurs via cleavage of glycosidic bonds, brought about 
by free radical-induced oxidation and acid, alkali or enzyme-catalysed hydrolysis 
(Holme et al., 2003; Thu et al., 1996; Hjerde et al., 1994). 
 
Acid or alkali-catalysed hydrolysis is the primary mechanism for alginate 
depolymerisation and MM-blocks are more susceptible to acid hydrolysis compared 
to GG-blocks (Holme et al., 2003). Alginate instability increases at pH less than 5 
because the presence of protons catalyses the alginate chain hydrolysis, while alginate 
degradation at pH 10 and above occurs by β-alkoxy elimination (Thu et al., 1996). 
Presence of phenolic sea contaminants in alginates may cause significant oxidative-




Like other natural polysaccharides, alginates are vulnerable to digestion by many 
types of microorganisms (Thu et al., 1996; Vogelsang and Østgaard, 1996). Alginate-
degrading enzymes, also known as alginate lyases and alginases, isolated from a wide 
range of organisms including bacteriophages, bacteria, marine fungi and molluscs are 
invariably specific for either the poly-mannuronate or poly-guluronate blocks via β-
elimination reaction (Thu et al., 1996). The encapsulated microbial cells may produce 
alginate lyases which will digest the alginate matrix and the cells will be liberated out 
into the surrounding medium. Alginates are also susceptible to strong heat unlike 
carrageenan and carboxymethyl cellulose (CMC) (Bradley and Mitchell, 1988). 
Heating of alginate solutions will enhance polymer breakdown because it increases 
the degradation rate of the polymer (Thu et al., 1996). Alginates are significantly 
degraded at temperatures around 60 to 120 °C and undergo extensive decomposition 
when exposed to temperature above 250 °C (Holme et al., 2003). Sterilisation 
processes such as autoclaving, ethylene oxide treatment and γ-irradiation will lead to 
chain depolymerisation, loss of viscosity and reduced gel strength (Thu et al., 1996). 
Therefore, alginate solution for cell encapsulation should ideally be sterilised by the 
filtration method to preserve the viscosity of the alginate solution. However, this 
method of sterilisation is less preferred as it requires aseptic technique and may not be 
feasible for high viscosity alginates. The instability of alginate gels is the major 
drawback in the use of alginates for cell encapsulation (Gemeiner et al., 1996). 
 
F2. Gellan gum 
Gellan gum, a polysaccharide derived from bacterial fermentation, has attracted 
increasing interest in recent years. It is potentially useful for diverse applications 




forms a transparent gel which is desirable in food and pharmaceutical applications. 
Gellan gum is another type of natural biocompatible polysaccharide of commercial 
importance because of its diverse applications in the food industry and biotechnology 
(Shimazaki and Ogino, 1996). Its advantages include its relative stability to high 
temperature and ability to form acid-resistant transparent gels, unlike other 
polysaccharide gels (Yuguchi et al., 2002). Its non-toxicity (Chilvers and Morris, 
1987) and solution viscosity, which can be increased by addition of cations, have been 
exceptionally useful in the formulation of suspensions and topical preparations, as 
well as the design of sustained-release drug delivery systems (Deasy and Quigley, 
1991; Kedzierewicz et al., 1999; Agnihotri et al., 2006; Cao et al., 2009). As gellan 
gum is resistant to degradation by most microorganisms, it is advantageous for 
encapsulation of microbial cells. The acid-resistant gellan gum is useful for the 
encapsulation of microbial cells for application in processes that involve acidic and 
alkaline conditions. Furthermore, the polymer solution for cell encapsulation has to be 
sterilised, usually by autoclaving. Gellan gum has the advantage of remaining 
relatively stable at high temperatures, thus allowing autoclaving without significant 
polymer degradation. Moreover, microencapsulation of cells could be easily carried 
out using appropriate concentrations of gellan gum by mild gelation. However, to 
date, immobilisation of microbial cells using gellan gum has not been extensively 
studied (Moslemy et al., 2003; Moslemy et al., 2002; Sun and Griffiths, 2000). 
 
F2.1. Sources of gellan gum 
Gellan gum was discovered in 1977, through an extensive screening of more than 
30,000 bacterial isolates in the search for new polysaccharides for industrial 




such as S-60, S-88, S-198, S-657, NW-11, Gellan, Welan and Rhamsan, were 
grouped under the gellan gum family (Chandrasekaran and Radha, 1995). The native 
gellan gum, which is also referred to as S-60 in some US patents and as PS-60 by the 
Lindberg school (Chandrasekaran and Radha, 1995), has approximately 25 % of its 
repeating units containing an O-acetyl group linked to the C-6 of one of the β-D-
glucopyranosyl residues (Jansson et al., 1983). There is approximately one O-acetyl 
group in every eight sugar units. These sugar side-chains influence the rheological 
properties of the gel by promoting the formation of firm and brittle aqueous gels at 
low concentrations (Crescenzi and Dentini, 1987). The S-60 polysaccharide 
undergoes a thermo-reversible conformational change in the presence of cations. 
There are two main types of gellan gum, the acetylated and the deacetylated gellan 
gum. 
 
F2.2. Molecular structure of gellan gum 
F2.2.1 Acetylated gellan gum 
Acetylated gellan gum is obtained by partial esterification of the native gellan gum at 
the 3-linked β-D-glucosyl residue with partial L-glyceric ester substitution at C-2 of 
the 3-linked glucose and/or substitution of an acetyl group at C-6 of the same residue 
(Figure 5a). Acetyl substitution at C-6 by 50 % does not prevent gelation but modifies 
the gel texture by hindering inter-molecular association and crystallisation (Cairns et 
al., 1991). The presence of acetyl groups in gellan gum causes a massive change in 
the thermal stability of the double helix structure of the molecule and affects its ability 
to form cation-mediated aggregates. The acetyl groups lie on the periphery of the 
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Therefore, it does not interfere with the association of inter-helix (Chilvers and 
Morris, 1987), unlike the bulky L-glycerate substituents. Glycerate causes the 
carboxyl group on the adjacent glucuronate residue to shift resulting in major changes 
of the hydrogen bonding. This reduces the inter-helical association and stabilises the 
double helix structure, thus modifying the rheological properties of the gel formed 
(Noda et al., 2008; Chandrasekaran and Thailambal, 1990). Therefore the brittleness 
of gellan gum gels correlates with the amount of glycerate content rather than the 
acetate content (Jay et al., 1998; Morris et al., 1996). Acetylated gellan gum generally 
forms weak, less rigid, soft and elastic gels compared to the hard and brittle 
deacetylated gels. 
 
F2.2.2. Deacetylated gellan gum 
Deacetylated gellan gum is produced by removing both substituents via alkali 
exposure (Chilvers and Morris, 1987). The properties of the deacetylated gellan gum 
gels formed are dependent on the content of acetyl and glycerate in the molecule. 
Deacetylated gellan gum produces aqueous solutions with low viscosity at high 
temperature and forms strong gels upon cooling or in the presence of cations (Jansson 
et al., 1983). A lower polymer concentration is adequate for gelation of deacetylated 
gellan gum. The double helix structure is less stable due to the lack of glycerate 
substituents but it has a higher capacity for cation-mediated aggregations compared to 
the highly acetylated gellan gums. 
 
F2.2.3. Commercial gellan gum 
Gellan gum is the trade name for the deacetylated exopolysaccharide produced by the 




repeating units of tetrasaccharide (Figure 5b) of β-D-glucose, β-D-glucuronic acid and 
α-L-rhamnose residues in the ratio of 2 : 1 : 1 (Jansson et al., 1983; O’Neill et al., 
1983). Gellan gum is water-soluble at temperature above 90 °C and forms a 
transparent gel upon cooling to approximately 30 °C at sufficiently high polymer 
concentrations. The polymer solution undergoes a thermal-reversible transition from 
liquid to semi-solid at the transition temperature (Milas et al., 1990; Crescenzi and 
Dentini, 1987; Grasdalen and Smidsrød, 1987), which is affected by the presence of 
cations (Miyoshi et al., 1995). 
 
F2.3. Gelation of gellan gum 
The transparency of gellan gum gel makes it suitable for light scattering measurement 
to trace the gelation process. X-ray diffraction revealed that gellan gum structure 
exhibited a conformational change from single stranded disordered state to double 
stranded ordered state during a sol-gel transition (Chandrasekaran and Radha, 1995). 
The double helical conformation ordered state has a relatively stiff molecular 
structure. The helical structures entangle with one another to form a gel, even at a 
very low gellan gum concentration of 3 % (Okamoto and Kubota, 1996). 
 
Aggregation of gellan gum molecules is promoted by increasing polymer 
concentration and salt addition to form thermally stable junction zones with high 
bonding energy (Miyoshi et al., 1995). The thermal stability and the gel strength are 
greatly affected by the concentration of gellan gum as well as the type and 
concentration of cations present. The carboxyl groups in the gellan gum molecules 
repel each other by electrostatic force, obstructing tight binding and aggregation of the 




able to shield the electrostatic repulsion, permitting tight binding and aggregation of 
helices at lower temperature. The cations were also found to reduce the coil 
dimensions at higher temperatures (Miyoshi et al., 1995). 
 
Rheological properties of gellan gum solution are strongly influenced by the presence 
of cations because the latter promotes association of helices into cation-mediated 
aggregates and stabilises the gel (Miyoshi et al., 1996). The proportion of these 
aggregated helices increases with cation concentration (Chandrasekaran and 
Thailambal, 1990; Grasdalen and Smidsrød, 1987). Interaction of the carboxyl groups 
with cations leads to the formation of junction zones analogous to the ‘egg-box’ 
model of calcium alginate (Grant et al., 1973), to form firm and transparent gels 
(Okamoto and Kubota, 1996; Lelievre and Mirza, 1992). The helix formation and 
aggregation occur simultaneously in the presence of cations, leading to the formation 
of stronger gels (Miyoshi et al., 1995). Gellan gum is distinguished from the other 
uronic-acid polysaccharides, such as alginate and pectin, by its non-specificity 
towards alkaline metal or alkaline-earth metal cations where both monovalent and 
divalent cations are able to initiate gelation (Grasdalen and Smidsrød, 1987). 
However, like the other uronic-acid polysaccharides, gelation of gellan gum is 
influenced by polymer concentration as well as type and ionic strength of the cation. 
The strength of the gel formed was found to increase in the presence of cations in the 
following order (Grasdalen and Smidsrød, 1987):  
 
Monovalent : TMA+ (tetramethylammonium) < Li+ < Na+ < K+ < Cs+ < H+.  





Gel strength increases with atomic number of the monovalent cations while the trend 
for divalent cations is less obvious (Grasdalen and Smidsrød, 1987). Gelation initiated 
by monovalent cations occurs at lower temperature compared to divalent cations. 
Rheological properties of gellan gum gels are much more strongly influenced by 
divalent cations than monovalent cations because the electric charges of divalent 
cations are larger and shield the electrostic repulsion of the carboxyl groups in the 
molecules more effectively (Miyoshi et al., 1995). In addition, the junction zones 
formed by divalent cations have higher thermal stability compared to monovalent 
cations. Therefore, gels formed by divalent cations are more heat-resistant than the 
gels formed by monovalent cations or by gellan gum alone (Miyoshi et al., 1996).  
Monovalent cations only bind to individual helical surface, lowering its charge 
density as well as the electrostatic barrier to aggregation. Gellan gum gel with 
monovalent cations such as K+ consists of parallel double helices stabilised by 
double-helix-K+-water-K+-double-helix interaction. Divalent cations promote site-
binding between pairs of carboxyl groups on neighboring helices, leading to 
aggregation to form the gel structure. Such cross-links, e.g. double-helix-Ca2+-double-
helix interactions are stronger and a low concentration of divalent cations is sufficient 
for helix aggregation compared to monovalent cations. A single calcium ion can 
replace two potassium ions in a way that it readily cross-links two double-helices via 
the carboxylate oxygen atom from each double helix to form strong and stiff 
connections between strands (Chandrasekaran and Thailambal, 1990). Only a small 
amount of Ca2+ is sufficient to induce gellan gum gelation to form a homogeneous 
macroscopic network (Shimazaki and Ogino, 1996). Cross-linked Ca2+-gellan gum 
gels are very stable and are only reversible to liquid state when subjected to heat 




F2.4. Limitations of gellan gum 
Gellan gum is a biodegradable and biocompatible polymer that is biologically inert. It 
is also pH and heat stable. Unlike most polysaccharides, it is able to withstand the 
high temperature of the autoclaving process without significant loss of gel strength 
(Deasy and Quigley, 1991; Chilvers and Morris, 1987). Gellan gum is also highly 
resistant to enzymatic breakdown (Chilvers and Morris, 1987). So far, the types of 
enzymes reported to be able to breakdown gellan gum are the gellan lyases, 
sphinganase (Craston et al., 2001) and galactomannanase (Singh et al., 2004). Gellan 
lyase cleaves the repeating tetrasaccharide units by catalyzing a highly specific β-
elimination reaction which is equivalent to a chemical alkaline hydrolysis (Craston et 
al., 2001). Gellan lyases and sphinganase are secreted by certain microorganisms 
while galactomannanase is a type of gastrointestinal enzyme produced by humans and 
certain strains of thermophilic fungi (Singh et al., 2004). The stability of the gellan 
gum gel may pose a disadvantage in the development of carriers for rapid drug 
release. Furthermore, gellan gum has gelling temperature that is too high for 
encapsulation of compounds and cells that are sensitive to heat. It is also not clear if 
the porosity of the gel matrix is suitable for encapsulation of cells. 
 
G. Scaffold-coating 
The efficiency of a micro-bioreactor is dependent on its specific surface area, 
porosity, strength, elasticity, swelling ability and stability. Besides protecting the 
encapsulated cells from the adverse environment, the matrix barrier should allow 
efficient exchange of nutrients and metabolites with the surrounding medium 
(Champagne et al., 2000; Park and Chang, 2000; Blandino et al., 1999). The micro-




turbulence and osmotic pressure, and in the presence of sequestering agents (Zvitov 
and Nussinovitch, 2003). Breakthrough of cells from micro-bioreactors is a common 
problem associated with degradation and high porosity of the encapsulating polymer 
matrix. Scaffold-coating has been commonly employed for sustained-release of drugs 
from calcium alginate (Chan et al., 2005; Park et al., 2004; Ribeiro et al., 1999). 
Scaffold-coating is employed to alter surface properties, provide further protection 
and modify release properties of the underlying matrix (Elversson and Millqvist-
Fureby, 2006). Thus, scaffold-coating of micro-bioreactors can be applied to protect 
and/or strengthen the encapsulating polymer matrix. Coating of alginate 
microparticles with chitosan was employed to control the disintegration of alginate 
microparticles and to prolong drug release (Mladenovska et al., 2007).  The coat 
properties, such as water permeability and mechanical strength, are affected by the 
coating method and the type of coating material used (Siepmann et al., 2008). Various 
coating methods, such microencapsulation (Chiang et al., 2009), fluidised bed coating 
(Heng et al., 2006) and spray drying (Elversson and Millqvist-Fureby, 2006), have 
been employed in the food and pharmaceutical industries. 
 
G1. Spray drying 
Spray drying is the most widely used industrial process for particle formation and 
drying. It is a rapid one-step process carried out using a spray dryer (Figure 6) that is 
suitable for a variety of applications in the biomedical, food and pharmaceutical 
industries. Studies have shown that the spray drying method can be applied to 
encapsulate drugs (Al-Zoubi et al., 2008; Nunthanid et al., 2008), proteins (Elversson 
and Millqvist-Fureby, 2006), yeast cells and other microorganisms (Luna-Solano et 














Spray drying had also been employed for coating magnetic particles for therapeutic 
applications (Donadel et al., 2008) and drug-loaded microparticles for controlled-
release (Crcarevska et al., 2008). 
 
The spray drying process begins with atomisation of the liquid feed to form fine 
droplets in a drying chamber. The droplets can be produced by using various types of 
rotary (wheel) or nozzle atomisers.  The droplets are dried by evaporation of moisture 
with the aid of hot air in the drying chamber under controlled temperature and air flow 
conditions. The fine droplets have large specific surface area that facilitates rapid 
drying. Hence, it is possible to limit the exposure of the droplets to high temperatures 
and yet avoid degradation by heat as heat is rapidly absorbed for vaporisation. The 
fine particles produced are continuously discharged from the drying chamber and 
collected using a cyclone or a filter bag.  
 
G2. Coating material 
Selection of a suitable coat for micro-bioreactors is crucial to ensure the efficiency of 
the coated micro-bioreactors. The coat should be stable and prevent cell 
breakthroughs but sufficiently porous to allow efficient mass transfer of nutrients and 
metabolites. Aqueous dispersions of water-insoluble coating polymers are preferred to 
the traditional non-aqueous polymer solutions which are hazardous and more costly 
(Al-Zoubi et al., 2008). Acrylic acid derivatives such as Eudragit (Al-Zoubi et al., 
2008; Crcarevska et al., 2008), polyvinyl derivatives such as Kollicoat (Jeong and 
Park, 2008), and cellulose derivatives such as Aquacoat (Nunthanid et al., 2008; 
Siepmann et al., 2008; Siepmann et al., 2007) are commercially available as aqueous 





Ethylcellulose (EC) is also known as ethyl ether cellulose, where the hydroxyl groups 
of the cellulose polymer are partially or completely substituted with ethyl groups 
(Figure 7). Ethylcellulose is a film-forming polymer used in a variety of coating 
applications that include sustained-release of drugs, taste masking and moisture 
protection (Nunthanid et al., 2009; Wang and Ghebre-Sellassie, 1998; Bodmeier et 
al., 1997). Unlike organic solvent-based coating solutions which are often associated 
with potential hazards and toxicity, the aqueous dispersion of EC is considered safe 
for pharmaceutical applications (Siepmann et al., 2008; Bodmeier et al., 1997; Banker 
and Peck, 1981). Besides, the use of solvent may be harmful to the encapsulated cells 
in the micro-bioreactors. Moreover, EC is a hydrophobic coating material with 
relatively high stability and forms water-insoluble films with high tensile strength and 
low permeability to water vapour (Bodmeier et al., 1997). Therefore, EC is a suitable 
coating material for scaffold-coating of micro-bioreactors. There are two 
commercially available aqueous EC dispersions: Aquacoat by FMC and Surelease by 




























Aquacoat is an aqueous dispersion of EC produced by the emulsification-solvent 
evaporation method (Wang and Ghebre-Sellassie, 1998; Bodmeier et al., 1997). 
Aquacoat contains sodium lauryl sulphate as an emulsifier and cetyl alcohol as a 
stabiliser (Wang and Ghebre-Sellassie, 1998). It is mainly used to sustain the 
dissolution and release of drugs from various dosage forms as EC is insoluble at 
physiological pH (Wang and Ghebre-Sellassie, 1998). Aquacoat requires suitable 
plasticisers, such as dibutyl sebacate, diethyl phthalate, triethyl citrate, tributyl citrate 
and triacetin to form flexible films (Wang and Ghebre-Sellassie, 1998). 
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II. HYPOTHESES AND OBJECTIVES 
Encapsulation of yeast cells in beads has been employed to improve the fermentation 
process. There are various encapsulation techniques and the choice is dependent on 
the type of encapsulating material and core content, as well as the desired properties 
of the final product. The extrusion technique is most commonly employed to 
immobilise cells. Among the encapsulation techniques, the emulsification method is 
able to produce microspheres less than 100 µm in size. Small microspheres are 
preferred in the production of bioreactors because they have large specific surface 
area for efficient mass transfer of nutrients and metabolites. The emulsification 
technique has been extensively studied for encapsulation of drugs but not living yeast 
cells which are technically more difficult and sensitive than most chemical drugs. In 
this study, it was hypothesised that microencapsulation by emulsification could be 
applied to encapsulate yeast cells for bio-ethanol production. 
 
The choice of encapsulating polymer for yeast cells is crucial owing to the sensitivity 
of the cells to stress. The efficiency of the micro-bioreactors produced is also 
dependent on the strength, stability and porosity of the matrix barrier surrounding the 
cells. The encapsulating polymer should exhibit good stability and impose minimal 
mass transfer restrictions to the encapsulated cells. Alginate has been commonly used 
to encapsulate cells because it involves simple and mild encapsulation conditions. 
However, alginates are sensitive to pH changes and presence of sequestering agents. 
On the other hand, gellan gum is a potential biopolymer for encapsulation of cells 
because it forms acid- and heat-resistant gels. Reduction in pH of fermentation media 
is often encountered during the fermentation process. Hence, it was hypothesised that 
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gellan gum micro-bioreactors would remain stable and provide protection to the 
encapsulated yeast cells from adverse environment during fermentation. 
 
Breakthrough of cells from micro-bioreactors is a common problem associated with 
degradation and high porosity of the encapsulating polymer matrix. Scaffold-coating 
has been commonly employed for sustained-release of drugs from calcium alginate. 
Scaffold-coating is employed to alter surface properties, provide further protection 
and modify release properties of the underlying matrix. Thus, it was hypothesised that 
scaffold-coating of micro-bioreactors could be applied to protect and/or strengthen the 
encapsulating polymeric matrix or coat. 
 
Studies have shown that yeast cells encapsulated in beads can perform fermentation 
efficiently. The bead matrix provides protection to the encapsulated yeast cells from 
environmental stress and metabolite toxicity, thereby preserving the viability of the 
cells. Continuous fermentation process is usually employed in the industry to produce 
bio-ethanol on a large scale. This result in long exposure time to bio-ethanol and 
metabolites produced during fermentation, which can be detrimental to free yeast 
cells. It was hypothesised that the yeast cells encapsulated in the microspheres were 
better protected and the micro-bioreactors could be re-used and employed for 
continuous fermentation processes. 
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(1) To study the feasibility of using alginate and gellan gum to encapsulate yeast 
cells by the emulsification method. 
(2) To investigate the effect of the emulsification method on yeast viability. 
 
Part Two 
(3) To compare the fermentation efficiency of free and of encapsulated yeast cells 
of different strains as micro-bioreactors. 
(4) To compare the fermentation efficiency of the micro-bioreactors produced from 
different types of polymers. 
 
Part Three 
(5) To investigate scaffold-coating of alginate micro-bioreactors. 
(6) To study fermentation efficiency of scaffold-coated alginate micro-bioreactors. 
 
Part Four 
(7) To study the stability and reusability of the micro-bioreactors for potential 







A1. Model microorganism 
Two different types of yeast cells were used in this study. The laboratory strain, 
Saccharomyces cerevisiae (ATCC 9763, USA) and the commercial active dry yeast 
(Turbo Extra Yeast, Still Spirit, New Zealand) were employed as model 
microorganisms. 
 
A2. Cultivation and fermentation media 
Malt extract, nutrient and Sabouraud dextrose agar/broth (Oxoid, England) were used 
as the cultivation and/or fermentation media where appropriate. Sucrose (SIS, 
Singapore) was added into the fermentation medium as sugar source for fermentation. 
 
A3. Encapsulating polymers and chemicals  
Sodium alginate (Manucol LB, ISP-Alginates Industries, USA), sodium alginate 
(Macrocystis Kelp, Sigma, USA) and gellan gum (Gelrite®, CP Kelco, USA) were 
used as encapsulating polymers. Iso-octane and ethyl acetate (Analytical Grade, 
Merck, Germany) were used as the continuous phase of the test emulsion, with Tween 
60, Tween 80, Tween 85 (Merck, Germany), Span 60, Span 80 and Span 85 (Sigma, 
USA) as the emulgents. Calcium chloride dihydrate (Merck, Germany) was used as 








A4. Coating materials 
Aqueous ethylcellulose dispersion (Aquacoat, ECD-30, FMC Corporation, USA) was 
used for scaffold-coating of the calcium alginate microspheres. Triethyl citrate 
(Merck, Germany) was employed as a plasticiser. 
 
A5. Chemicals for assay of ethanol by gas chromatography-mass spectrometry 
Absolute ethanol (99.99 %, Far East Distiller, Singapore) was used for the preparation 
of standard solutions and acetone (HPLC Grade, LabScan, Ireland) was added as an 
internal standard in the assay of ethanol. 2-Ethyl-1-hexanol (Synthesis grade, Merck, 
Germany) was used to extract ethanol from the fermentation medium. Purified helium 
gas (99.99 %, 200 bar, Soxal, Singapore) was used as a carrier gas.  
 
A6. Chemicals for other studies 
Sodium chloride (Merck, Germany) was used to liberate the yeast cells from the 
alginate microspheres. Glacial acetic acid (HPLC Grade, LabScan, Ireland) was used 






B1. Cultivation of yeast cells 
B1.1. Saccharomyces cerevisiae ATCC 9763 
B1.1.1. Determination of suitable solid media and incubation conditions for the 
growth of yeast 
Saccharomyces cerevisiae ATCC 9763 was revived from Culti-Loops® using the 
streak method on malt extract agar plates. A single colony was streaked on each of 
three different solid media (i.e. malt extract agar, nutrient agar and Sabouraud 
dextrose agar). The plates were then incubated at 25 (room temperature), 30 and 37 
°C. They were examined after 24, 48 and 72 h of incubation for cell growth. The 
optimal solid medium and incubation conditions were indicated by the plate that 
showed the most growth. Each experiment was carried out in triplicate. 
 
B1.1.2. Optimisation of cultivation conditions for mass production of yeast in 
broth 
The broth powders were accurately weighed and topped up to 300 g using distilled 
water where appropriate before sterilisation by autoclaving. All the fermentation 
media were prepared in terms of percent weight in weight as it was easier to measure 
the weight than the volume of a large amount accurately. A single colony of 
Saccharomyces cerevisiae ATCC 9773 cultivated on the most suitable agar medium 
was inoculated into 300 g each of malt extract broth, nutrient broth and Sabouraud 
dextrose broth. Each type of inoculated broth was incubated at 25, 30 and 37 °C in a 
shaker water bath (B602D Firstek, Taiwan) operated at 90 strokes per min. One mL of 
each broth was removed after 24 h of incubation for viable count. Serial dilution of 




spread onto a suitable agar medium and incubated under pre-determined optimal 
conditions. The number of viable yeast cells, represented by the number of colonies 
formed, was determined. Cultivation conditions that corresponded to the highest mean 
viable count were considered optimal and adopted. Each experiment was carried out 
in triplicate. 
 
B1.1.3. Determination of log phase of growth curve 
Saccharomyces cerevisiae ATCC 9763 was cultivated in 300 g of the most suitable 
broth under pre-determined optimal conditions in accordance with the procedure 
stated in section B1.1.2. Samples were taken after 12 h of incubation and every 
subsequent 2 h up to 24 h to determine the viable count by turbidimetric 
measurements using a spectrophotometer (UV-1201, Shimadzu, Japan) at 620 nm. 
The spectrophotometric readings were previously calibrated against known viable 
counts determined by the spread plate method mentioned in section B1.1.2. From the 
results, a plot of log viable count against time was constructed. The log phase of the 
growth curve was determined from the linear portion of the plot. 
 
B1.1.4. Preparation of standardised inoculum 
A single colony of Saccharomyces cerevisiae ATCC 9763 cultivated on the most 
suitable agar medium was inoculated into 300 g of the most suitable broth and 
incubated under pre-determined optimal conditions in accordance with the procedure 
stated in section B1.1.2. The yeast cells, incubated for a specific duration of time to 
reach the log phase of growth, were harvested by centrifugation (RA-200J, Kubota 
1720, Japan) at 4 °C and 9838 × g for 10 min. The yeast pellet obtained was then 




spectrophotometric reading that corresponded to 1 × 107 viable cells per mL. The 
viable cell count of this cell suspension was confirmed by the spread plate method. 
This standardised inoculum was used for microencapsulation and other studies. 
 
B1.2. Turbo Extra Yeast 
B1.2.1. Preparation of standardised inoculum 
One g of Turbo Extra Yeast containing approximately 1 × 109 cells was hydrated in 
30 g of sterile deionised water for 10 min. The commercial spray dried yeast cells 
were revived according to the instructions of the supplier. The suspensions were 
measured in weight to facilitate the centrifugation process, which required the weight 
of the samples to be balanced, to obtain cell pellets for further studies. The yeast 
suspension was then centrifuged at 9838 × g and 4 ˚C for 10 min. The supernatant 
liquid was discarded and the yeast pellet was suspended in 1 mL of sterile distilled 
water for microencapsulation and other studies. The viable cell count of this cell 
suspension was confirmed by the spread plate method. Experiment was conducted in 
triplicate. Inocula of various cell loads were also prepared using appropriate amounts 
of Turbo Extra Yeast. 
 
B2. Study of temperature effect on yeast viability 
Fifty g each of yeast suspensions (containing approximately 1 × 107 Saccharomyces 
cerevisiae ATCC 9763 or 1 × 109 Turbo Extra Yeast cells) were prepared using sterile 
distilled water pre-heated to 30, 35, 40, 45, 50 and 55 °C respectively. The yeast 
suspensions were left to stir at the respective temperatures for 20 min. Each 




each yeast suspensions (50 g) in were determined by the spread plate method. The 
percent reduction of viability was calculated by (Equation 3) : 
 
 
B3. Study of concentration effect of polymer on congealation of gellan gum 
Fifty g each of 1.0, 1.5 and 2.0 %, w/w gellan gum solutions were prepared by 
dissolving appropriate amounts of the gellan gum powder in hot deionised water. The 
gellan gum solutions were then subjected to sterilisation by autoclaving (Hiclave HV-
50 Hirayama, Japan) at 121 °C for 15 min. The resultant gellan gum solutions were 
gently stirred and allowed to cool at room temperature. The temperature of the gellan 
gum solutions was closely monitored using a thermometer to determine the gelling 
point at which the solution became a gel. Each experiment was conducted in triplicate. 
 
B4. Optimisation of microspheres production 
B4.1. Investigation of process and formulation factors that affect the properties 
of gellan gum microspheres 
Fifty g of 1.5 %, w/w gellan gum solution was prepared by dissolving an appropriate 
amount of the gellan gum powder in hot deionised water. The solution was then 
sterilised by autoclaving at 121 ˚C for 15 min. The sterilised solution was allowed to 
cool to 40 ˚C. Gellan gum microspheres were prepared using the emulsification 
technique (Wan et al., 1992). The emulsification method was slightly modified to 
prepare gellan gum microspheres. The previously sterilised gellan gum solution was 
dispersed in 75 g of an organic solvent containing Span by using a mechanical stirrer 
(3) Reduction in viability (%)   = × 100 





(Polymix® PX-OS 2000, Germany) for 10 min at 600 rpm and 40 ˚C. The test 
emulsion was stirred for 5 min after addition of 5.0 g of Tween solution. The total 
concentration of surfactants was kept at 2.56 %, w/w with respect to the whole test 
emulsion. It was then cooled to 15 °C with the aid of an ice water bath. Further 
stirring continued for 10 min to induce gelation of the dispersed droplets of gellan 
gum solution. Twenty g of 25 %, w/w calcium chloride solution was then added and 
allowed to react for another 15 min. The reaction mixture was finally left to stand in a 
shaker water bath at room temperature of 25 °C for 2 h to allow further hardening of 
the microspheres. The gellan gum microspheres formed were harvested by filtration in 
vacuo using a Buchner funnel lined with filter paper (Whatman No. 54, USA), 
connected to a vacuum flask. The microspheres collected were rinsed with 10 mL of 
sterile deionised water thrice and washed again with 100 mL of sterile deionised water 
to remove the organic solvent residue completely. Figure 8a illustrated the schematic 
diagram for the production of gellan gum microspheres by the emulsification method. 
In this optimisation study, gellan gum microspheres were prepared with different 
concentrations of gellan gum (6 to 10 %, w/w), types of continuous phase (iso-octane 
and ethyl acetate) and surfactant blends (Span 60-Tween 60, Span 80-Tween 80 and 
Span 85-Tween 85) with different HLB values (5 to 12). 
 
B4.2. Investigation of process and formulation factors that affect the properties 
of calcium alginate microspheres 
The procedure employed for the preparation of gellan gum microspheres was slightly 
modified to prepare calcium alginate microspheres. Fifty g of sodium alginate 
(Manucol LB) solution was sterilised by autoclaving at 121 °C for 15 min and 





















































































































































































































































































































It was then dispersed in 75 g of an organic solvent containing Span 85 by using a 
mechanical stirrer at 600 rpm for 10 min. Five g of aqueous solution containing 
Tween 85 were then added and the mixture stirred for another 5 min. The total 
concentration of surfactants was kept at 2.56 %, w/w with respect to the whole test 
emulsion. Twenty g of 25 %, w/w calcium chloride solution was then added and 
allowed to react for 15 min. The reaction mixture was finally left to stand in a shaker 
water bath at room temperature of 25 °C for 2 h to allow hardening of the 
microspheres. The alginate microspheres formed were harvested by filtration in vacuo 
using a Buchner funnel lined with filter paper (Whatman No. 54, USA), connected to 
a vacuum flask. The microspheres collected were rinsed with 10 mL of deionised 
water thrice and washed again with 100 mL of sterile deionised water to remove the 
organic solvent residue completely. Figure 8b shows the schematic diagram for the 
production of calcium alginate microspheres by the emulsification method. In the 
optimisation study, calcium alginate microspheres were prepared with different 
concentrations of sodium alginate (6 to 10 %, w/w), types of continuous phase (iso-
octane and ethyl acetate) and Span 85-Tween 85 with different HLB values (4 to 9). 
 
B5. Microencapsulation of yeast cells in gellan gum and alginate microspheres. 
The optimised process and formulation conditions were employed to produce 
microspheres containing yeast cells to form the micro-bioreactors. Standardised yeast 
inoculums consisting of 1 × 109 Saccharomyces cerevisiae ATCC 9763 or 1 × 109 
Turbo Extra Yeast cells was dispersed in 50 g of the sterilised polymer solution, 
which was then used to prepare the microspheres. The yeast-gellan gum and yeast-
calcium alginate micro-bioreactors were produced according to the procedures 




B6. Physical characterisation of blank microspheres and micro-bioreactors. 
The morphology of the blank microspheres and micro-bioreactors prepared in section 
B4 and B5 was determined using a light microscope (BX61-TRF, Olympus, Japan) 
connected to an image analyser (DXC – 390P 3CCD, Sony, Japan). The size and 
shape of at least 600 discrete microspheres or micro-bioreactors, and the extent of 
aggregation of microspheres or micro-bioreactors were evaluated using the Image 
Pro-Express 6.3 Software (Media Cybernetics, USA). 
 
The shape of microspheres or micro-bioreactors was defined by roundness index 
(Equation 4) where a value of unity corresponds to a perfect circle. 
 
 
The total number of discrete and aggregates in 600 microspheres was determined. The 
degree of aggregation was expressed as a percentage of the number of aggregates over 
the total, discrete and aggregated microspheres. An aggregate is defined as two or 
more microspheres adhering together.  
 
D10, D50 and D90 are the graphically obtained microspheres sizes at the 10th, 50th and 
90th percentiles respectively, of the cumulative undersize distribution of the discrete 
microspheres. The mass median diameter (MMD) is the D50 and Span was calculated 
by (Equation 5): 
 




Span   = 





B7. Determination of viable yeast contents of yeast-calcium alginate micro-
bioreactors 
B7.1. Study of effects of sodium chloride solution concentration on yeast viability 
Standardised yeast suspensions containing approximately 1 × 107 Saccharomyces 
cerevisiae ATCC 9763 cells were introduced into 500 g of various concentrations of 
sodium chloride (2 to 10 %, w/w). The mixtures were gently stirred for 2 h at room 
temperature, 25 °C. The initial (Co) and final (Cf) viable counts of each test mixture 
were determined by the spread plate method. The percentage of viability was 
calculated by the ratio of Cf to Co, multiplied by 100. Experiments were conducted in 
triplicates. 
 
B7.2. Liberation of yeast cells from micro-bioreactors for viable count 
A known amount of the micro-bioreactors prepared from Manucol LB was introduced 
into a sterile sodium chloride solution of a pre-determined concentration. The mixture 
was left to stir for 2 h to dissolve the alginate and liberate the Saccharomyces 
cerevisiae ATCC 9763 cells. The viable cell count was then determined in triplicate 
by the spread plate method. Experiments were conducted in triplicates. 
 
B8. Study of emulsification process effect on yeast viability 
B8.1. Production of gellan gum microspheres 
Fifty g of yeast suspension (containing approximately 1 × 107 Saccharomyces 
cerevisiae ATCC 9763 or 1 × 109 Turbo Extra Yeast cells) without gellan gum was 
subjected to the emulsification process described in section B5 for the 
microencapsulation of yeast. The viable counts of yeast at the beginning and at the 




were determined by the spread plate method. Each experiment was carried out in 
triplicate. 
 
B8.2. Production of calcium alginate microspheres 
Fifty g of sodium alginate solution containing approximately 1 × 107 Saccharomyces 
cerevisiae ATCC 9763 or 1 × 109 Turbo Extra Yeast cells was subjected to the 
emulsification process described in section B5 for the microencapsulation of yeast. 
The addition of calcium chloride solution (cross-linking agent) was omitted in this 
study. The viable counts of yeast at the beginning and at the end of the emulsification 
process, and after 2 h of standing in the shaker water bath were determined by the 
spread plate method. Each experiment was carried out in triplicate. 
 
B9. Method development for assay of ethanol by gas chromatography-mass 
spectrometry (GC-MS) 
B9.1. Optimisation of operation conditions of GC-MS 
The amount of ethanol was determined by gas chromatography-mass spectrometry 
(GC-MS QP2010i, Shimadzu, Japan) with 0.05 %, v/v acetone added as internal 
standard. In this method, 0.1 µL of 2-ethyl-1-hexanol containing different 
concentrations (5 and 10 %, v/v) of ethanol and 0.05 %, v/v acetone was injected into 
a BP-Wax 20 column (0.25 µm film thickness, 30 m × 0.25 mm I.D., SGE, USA). 
Optimisation of the gas chromatography (GC) parameters was carried out by varying 
the column oven conditions such as initial oven temperature, initial oven temperature 
hold time, temperature increment rate, final oven temperature and final oven 
temperature hold time. The optimised condition was determined based on clear peak 




assay and the carrier gas, purified helium, was maintained at 51.3 kPa. The mass 
spectrometry (MS) parameters including the interface and ion source temperatures 
were maintained at 220 and 200 °C respectively. The optimised GC conditions were 
then employed in the subsequent assays of ethanol. 
 
B9.2. Optimisation of ethanol extraction from fermentation medium 
A calibration plot was first constructed using different concentrations of absolute 
ethanol that ranged from 2 to 10 %, v/v in 2-ethyl-1-hexanol. Fresh fermentation 
medium containing 10 %, v/v of absolute ethanol was then prepared. Aliquot samples 
were withdrawn through a 0.45 µm membrane filter. The ethanol in the sample was 
extracted for assay using a procedure adapted from Offemen et al. (2005a, b). In the 
method employed, 1 mL of 2-ethyl-1-hexanol was added to an equal volume of the 
sample. The mixture was agitated for 5 min using a vortex mixer (Fisons 
WhirliMixer, England). It was then centrifuged (RA-50J, Kubota 1720, Japan) at 
3300 × g and 22 °C for 5 min to obtain complete phase separation. The upper phase 
was then separated and assayed for ethanol by GC-MS using the pre-determined 
optimal operation parameters and 0.05 %, v/v acetone as internal standard. One ml of 
fresh 2-ethyl-1-hexanol was added to the lower phase sample and the extraction 
procedure was repeated 5 times.  
 
The upper phase collected from each extraction was assayed for ethanol using the 
calibration plot. The total amount of ethanol recovered from each extraction was 
compared to the corresponding ethanol added into the fermentation medium. The 





The above experiment was carried out in triplicate and the results for each extraction 
were averaged. 
 
B9.3. Construction of ethanol calibration plot 
Fermentation media containing different concentrations of absolute ethanol, from 4 to 
20 %, w/w, were prepared. Aliquot samples were withdrawn through a 0.45 µm 
membrane filter. Each sample was subjected to an optimal number of extractions 
using 2-ethyl-1-hexanol and assayed by GC-MS according to the methods described 
in sections B9.1 and B9.2. Each experiment was repeated 3 times and the results 
averaged. The calibration plot of the ratio between the peak areas against the 
concentration of ethanol and acetone was constructed with the aid of the GC-MS Lab 
Solutions software.  
 
B9.4. Assay of ethanol produced in the fermentation medium 
An aliquot sample of the fermentation medium was withdrawn through a 0.45 µm 
membrane filter. The sample was then treated as described in section B9.3 and its 
ethanol concentration extrapolated from the calibration plot using the GC-MS Lab 
Solutions software. The total amount of ethanol produced was calculated from the 




Extraction efficiency (%)  = 
Amount of ethanol recovered 
Amount of ethanol added 




B10. Study of the fermentation process using free yeast cells 
B10.1. Fermentation using Saccharomyces cerevisiae ATCC 9763 
B10.1.1. Optimisation of fermentation conditions 
One mL of standardised Saccharomyces cerevisiae ATCC 9763 inoculum containing 
1 × 107 cells was inoculated into 300 g of fermentation medium (without added 
sucrose) for 24 h. The effects of the following factors on the amount of ethanol 
produced were determined:  
 Fermentation media 
- Nutrient broth, Sabouraud dextrose broth and malt extract broth. 
 Incubation temperature 
 - 25 (room temperature), 30 and 37 °C. 
 Atmospheric conditions, with/without agitation 
- Incubation in an air-tight fermentation vessel, with / without agitation. 
- Incubation in anaerobic chamber (Bactron IV-2E, Sheldon, USA) with 
10 % carbon dioxide, without agitation. 
The amount of ethanol produced in the fermentation medium was determined 
according to the procedure described in section B9.4. The most suitable fermentation 
medium and conditions corresponded to the largest amount of ethanol produced. All 
experiments were repeated six times and the average results reported. 
 
B10.1.2. Influence of sucrose concentration 
One mL of standardised Saccharomyces cerevisiae ATCC 9763 inoculum containing 
1 × 107 cells was incubated in 300 g of the most suitable fermentation medium 
containing various sucrose concentrations (0 to 40 %, w/w). Fermentation was carried 




were taken at different time intervals for assay of ethanol by GC-MS. The optimal 
sucrose concentration, indicated by the highest concentration of ethanol produced, 
was determined. Experiments were repeated six times and the average results 
reported. The osmolarity and pH of the different concentrations of sucrose in malt 
extract broth were also determined. 
 
B10.2. Fermentation using Turbo Extra Yeast 
B10.2.1. Influence of sucrose concentration 
1 mL of standardised Turbo Extra Yeast inoculum containing 1 × 109 cells was 
incubated in 300 g of 1.5 %, w/w malt extract broth containing various sucrose 
concentrations (0 to 40 %, w/w). Samples were taken at different time intervals for 
assay of ethanol by GC-MS. The optimal sucrose concentration, which was indicated 
by the highest concentration of ethanol produced, was determined. Experiments were 
repeated six times and the average results reported. 
 
B10.2.2. Influence of malt extract broth concentration 
1 mL of standardised Turbo Extra Yeast inoculum containing 1 × 109 cells was 
incubated in 300 g of fermentation medium consisting of 30 %, w/w sucrose and 
various malt extract broth concentrations (0 to 1.5 %, w/w). Samples were taken at 
different time intervals for assay of ethanol by GC-MS. The optimal malt extract 
broth concentration, indicated by the highest concentration of ethanol produced, was 






B11. Mass production of blank calcium alginate microspheres for scaffold-
coating 
One hundred g of 8 %, w/w sodium alginate (Macrocystis Kelp) solution was 
prepared by dissolving an appropriate amount of sodium alginate powder in deionised 
water. The solution was then sterilised by autoclaving at 121 ˚C for 15 min. It was 
allowed to cool to room temperature before dispersing in 150 g of iso-octane 
containing 5.65 g of Span 85 using a mechanical stirrer at 1000 rpm for 10 min. Ten g 
of aqueous solution containing 7.35 g of Tween 85 was then added and the mixture 
stirred for another 5 min. This was followed by the addition of 50 g of 25 %, w/w 
calcium chloride solution, which was allowed to react for 10 min. The resultant 
mixture was finally left to stand in a shaker water bath at room temperature, 25 °C to 
allow further hardening of the microspheres. The latter was harvested by filtration in 
vacuo using a Buchner funnel lined with filter paper (Whatman No. 54, USA), 
connected to a vacuum flask. The microspheres were rinsed with 20 mL of sterile 
deionised water thrice, then dispersed in 200 mL of sterile deionised water to remove 
the iso-octane residue completely and passed through a 600 µm mesh to remove any 
clumps. They were finally collected by filtration in vacuo for scaffold-coating. 
 
B12. Scaffold-coating of blank calcium alginate (Macrocystis Kelp) microspheres 
Twelve batches of blank calcium alginate microspheres were freshly prepared 
according to the procedure described in section B11 and combined for scaffold-
coating by spray drying. The coating mixture consisting of 74.04 g of Aquacoat and 
8.56 g of triethyl citrate was homogenised using a magnetic stirrer (J.Bibby Science, 
UK) for 5 h. The microspheres were dispersed in the coating mixture and spray dried 




The inlet and outlet air temperatures were maintained at 140 °C and 60 °C 
respectively. The coated microspheres were collected in the collection flask. Figure 9 
shows a schematic diagram of the spray dryer. 
 
B13. Mass production and scaffold-coating of yeast-calcium alginate micro-
bioreactors 
One mL of freshly prepared Turbo Extra Yeast suspension, containing approximately 
2 × 109 cells, was added into 100 g of sterilised 8 %, w/w sodium alginate 
(Macrocystis Kelp) solution. The mixture was stirred at 50 rpm for 5 min before 
encapsulation according to the procedure described in section B11. The above 
procedure was repeated to produce 12 batches of micro-bioreactors, which were 
combined for scaffold-coating by spray drying as mentioned in section B12. 
 
B14. Physical characterisation of yeast-calcium alginate micro-bioreactors, with 
and without scaffold-coating 
The physical properties of at least 600 discrete blank alginate microspheres and yeast-
calcium alginate micro-bioreactors, with and without scaffold-coating, were evaluated 
by microscopy method as described in section B6. 
 
B15. Spray drying of free yeast cells 
A suspension containing approximately 1 × 1011 Turbo Extra Yeast cells in sterile 
distilled water was spray dried using the same operation conditions for scaffold-
coating of microspheres. Viable count of the spray-dried yeast cells was carried out by 




































B16. Fermentation using free yeast cells or micro-bioreactors 
The micro-bioreactors produced as described in sections B5 and B13 containing 
equivalent amounts of encapsulated yeast cells were introduced into 300 g of 
fermentation medium consisting of 1.5 %, w/w malt extract broth and 30 %, w/w 
sucrose. Fermentation was carried out under anaerobic condition using a loop trap 
setup (Figure 10a), and agitation using a shaker water bath at 90 strokes per min and 
30 ˚C. The loop trap setup was used to prevent build up of pressure in the vessel due 
to the carbon dioxide released during fermentation. Two mL samples of the 
fermentation medium were withdrawn at specific time intervals for assay of ethanol. 
The fermentation process was repeated six times and the average results reported. The 
relative fermentation efficiency of the micro-bioreactors was calculated as the percent 
ratio of ethanol produced between the micro-bioreactors and an equivalent amount of 
free yeast cells. Fermentation efficiency was defined as the ability of the free and 
encapsulated yeast cells to produce ethanol during fermentation. This was determined 
by quantification of the amount of ethanol produced from 300 g of malt extract broth 
containing 30 %, w/w sucrose by fermentation. The pH of the fermentation medium 
was determined before and at the end of the fermentation process. The physical 
properties of the micro-bioreactors were also evaluated by microscopy method at the 



















Figure 10. Set up for (a) fermentation under anaerobic condition provided by closed 
vessel with loop trap and (b) filtration of micro-bioreactors for re-use. 
 











B17. Viable count of free yeast cells liberated from micro-bioreactors into the 
fermentation medium 
Fermentation was carried out using the micro-bioreactors according to the method 
described in section B16. One mL samples of the fermentation medium were 
withdrawn at different time intervals to determine the viable count of free yeast cells 
by the spread plate method. Each experiment was conducted in triplicate. The viable 
counts of cells reported referred to the total number of viable cells present in the total 
amount of 300 g of fermentation medium. 
 
B18. Fermentation using double and triple doses of gellan gum micro-bioreactors 
with encapsulated TEY cells 
Two batches of gellan gum micro-bioreactors with encapsulated TEY cells were 
combined and subjected to fermentation. The same procedure was repeated with three 
batches to investigate the effect of cell load on the fermentation efficiency. The viable 
counts of the liberated cells and ethanol yields of the micro-bioreactors were 
determined at different time intervals. 
 
B19. Fermentation using recycled free yeast cells and micro-bioreactors  
The free yeast cells and the micro-bioreactors were recovered at the end of the 
fermentation cycle by filtration in vacuo using a Buchner funnel lined with filter paper 
(Whatman No. 54, USA), connected to a vacuum flask (Figure 10b) and introduced 
into a fresh medium for fermentation respectively as described in section B16. The 
procedure was repeated for 10 fermentation cycles using free yeast cells. In the case 
of micro-bioreactors, 15 fermentation cycles was carried out. Two mL samples were 




the fermentation process for assay of ethanol. The viability of the recycled free yeast 
cells was also determined at the end of each fermentation cycle by the spread plate 
method. Each experiment was conducted in triplicate. 
 
B20. Physical stability of blank beads and microspheres 
B20.1 Preparation of beads 
Blank beads were prepared from the polymer solutions by extrusion through a 19G 
needle (Figure 11). Beads were produced using formulations equivalent to those for 
microspheres. The tip of the needle was fixed at 4 cm above the surface of the calcium 
chloride solution, which was gently agitated using a magnetic stirrer (CB162, Bibby 
Sterilin, UK). The droplets extruded into the cross-linking solution congealed and 
formed beads which were allowed to cure for 2 h at room temperature, 25 °C. The 
beads were then collected and rinsed thrice with 100 mL of sterile deionised water. 
 
B20.1.1. Physical characterisation of beads 
The size and shape of 20 wet beads were evaluated under a stereomicroscope (SZ61, 
Olympus, Japan) as described in section B6. 
 
B20.1.2. Study on the stability of beads 
Thirty beads from each polymer solutions were dried at 40 ˚C to constant weight (wₒ). 
Another 300 beads from the same batch were placed into 300 mL of test medium with 
different pH (pH 3, 4 and 5) at 30 °C respectively. Thirty beads were taken out at 
specific time intervals over a period of 7 days and dried to constant weight (wx). Study 





























The total percentage of weight loss over time was calculated by: 
 
A higher percentage of weight loss indicates less stable beads. 
 
B20.2. Study on stability of microspheres 
Blank gellan gum, calcium alginate (Manucol LB and Macrocystis Kelp) and EC-
coated calcium alginate microspheres were prepared using the methods described in 
sections B5, B11 and B12. The blank microspheres were introduced into different pH 
solutions (pH 2 to 6) prepared using glacial acetic acid and deionised water. The 
mixtures were left to stir gently at room temperature for 3 days using a magnetic 
stirrer. The physical characteristics of the microspheres were then observed after 3 
days using a light microscope connected to an image analyser. 
 
B21. Statistical analyses 
The results were reported as mean ± standard deviation (SD). Differences were 
assessed for significance using independent sample t-test or one-way ANOVA and 




(7) Weight loss at tx (%)  = × 100 
wₒ - wx 
wₒ 
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IV. RESULTS AND DISCUSSION 
PART ONE  
PRODUCTION OF GELLAN GUM AND CALCIUM ALGINATE MICRO-
BIOREACTORS 
A. Cultivation of yeast cells 
A1. Cultivation of Saccharomyces cerevisiae ATCC 9763 
Saccharomyces cerevisiae ATCC 9763 was cultivated in different types of solid and 
liquid cultivation media to determine the most suitable cultivation media for optimal 
growth of the yeast cells. The yeast cells were inoculated onto the solid agar plates by 
the streaking method and incubated at different temperatures to determine the optimal 
temperature for growth of the yeast cells. The yeast colonies were apparent on the 
malt extract agar plates after 24 h of incubation at 37 °C and increased markedly in 
number by 48 h. The yeast culture was found to grow faster at 37 °C compared to 30 
°C and room temperature (25 °C). Colonies were also observed on nutrient agar and 
Sabouraud dextrose agar, but in smaller numbers, especially at room temperature. 
Dense growth was observed only after 72 h of incubation at 37 °C and longer for 
incubation at 30 °C and room temperature (25 °C). Figure 12 shows the growth of 
yeast cells on malt extract agar, Sabouraud dextrose agar and nutrient agar incubated 
at 37 °C for 48 h. The morphology of the yeast cells cultivated on the malt extract 
agar was observed under the microscope. Budding of yeast cells was observed and the 
number of budding yeast cells was larger than that of the individual yeast cells (Figure 
13). In the case of cultivation in liquid media, malt extract broth was found to be the 
best broth for the cultivation of yeast cells compared to Sabouraud dextrose broth and 
nutrient broth as it produced the highest viable cell count among the three types of 
broth (Table 2).  
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   (a) 
 
   (b) 
 
   (c) 
 
 
Figure 12. Photographs of Saccharomyces cerevisiae ATCC 9763 colonies on (a) malt 
extract agar, (b) Sabouraud dextrose agar and (c) nutrient agar. 




Figure 13. Photograph of Saccharomyces cerevisiae ATCC 9763. 
 
 





Average number of colony forming units per mL 
25 °C 30 °C 37 °C 
Malt extract 
broth 5.45 (± 1.96) × 10
3
 2.74 (± 1.34) × 108 3.35 (± 0.48) × 105 
Sabouraud 
dextrose broth 1.88 (± 0.59) × 10
3
 4.78 (± 2.62) × 105 5.31 (± 1.34) × 103 
Nutrient broth 5.53 (± 2.14) × 102 3.31 (± 0.50) × 104 8.26 (± 1.39) × 102 
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However, the optimal temperature for cultivation of yeast cells in liquid broth is lower 
(30 °C) than on solid agar (37 °C). This might be associated with the activation of 
specific functional enzymes at the temperature to allow biochemical reactions in the 
yeast cells to take place (Madigan et al., 2000). The nutrient content in both the broths 
and agars were different. The total amount of sugar present in malt extract agar (1.04 
g in 1000 L) was higher compared to the malt extract broth (0.41 g in 1000 mL). 
Other nutrients such as glycerol and peptone found in the agar were replaced by yeast 
extract in broth. Therefore, the metabolism involved for yeast growth would be 
expected to be different (Madigan et al., 2000). 
 
Saccharomyces cerevisiae ATCC 9763 was inoculated into 300 g of malt extract 
broth and incubated at 30 °C. The viable count and turbidity of the cultivation broth 
were determined at 2 h intervals, starting from 12 to 24 h of incubation. The growth 
curve of the yeast in the suspension was obtained by plotting its viable count at 
specific time intervals. The corresponding optical density of the yeast suspension was 
also determined and found to correlate with the viable count. The log phase of the 
growth curve consists of metabolically active cells that are desirable for fermentation. 
As optical density could be easily measured, it was subsequently used to monitor 
yeast growth to obtain metabolically active cells at the end of the log phase. 
Proliferation of yeast cells was observed after 12 h of incubation. Active budding of 
yeast cells increased the number of viable cells in the cultivation broth over time. The 
log phase of the yeast growth was observed after approximately 14 h of incubation 
with the highest viable cell count observed at the late exponential growth, 
corresponding to about 18 h of incubation, beyond which the growth of yeast cells 
reached a stationary phase. Budding of yeast cells decreased appreciably after 18 h of 
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incubation and the viable count decline thereafter due to cell death (Figure 14a). Yeast 
cells in the log phase of growth are preferred for cell encapsulation because they are 
metabolically most active and expected to form more effective micro-bioreactors. The 
optical density (indicated by absorbance at 620 nm) of the cell culture increased 
correspondingly with incubation time and levelled off at around 20 h, indicating the 
end of yeast cell growth as the number of yeast cells (both viable and dead) present in 
the broth remained constant (Figure 14b). The trend observed was in agreement with 
the growth curve for yeast cells by other investigators (Dalgaard and Koutsoumanis, 
2001). The Saccharomyces cerevisiae ATCC 9763 cells in the late exponential growth 
phase were harvested by centrifugation. The yeast pellet obtained was suspended in 
sterile distilled water and further diluted to prepare yeast suspensions of various 
turbidity, based on absorbance readings. The viable counts of the yeast suspensions 
were also determined and a calibration plot constructed (Figure 15). An absorbance 
value of 0.50, which corresponded to approximately 107 cells, was chosen to 
standardise the inocula for subsequent studies. 
 
A2. Cultivation of Turbo Extra Yeast 
The supplier of the Turbo Extra Yeast stated that each gram of the commercial dry 
yeast contained approximately 109 yeast cells. A study was carried out to validate this 
and the results are shown in Table 3. The morphology of the Turbo Extra Yeast cells 
was also observed under the light microscope. Both, individual and budding yeast 



























































Figure 14. Cultivation of Saccharomyces cerevisiae ATCC 9763 in malt extract broth 
at 37 °C over time: (a) growth curve and (b) optical density. 
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Table 3. Viable count in one gram of Turbo Extra Yeast. 
Replicate Number of cfu/gram 
1 2.20 (± 0.53) × 109 
2 2.51 (± 2.16) × 109 
3 1.73 (± 0.75) × 109 
4 1.44 (± 0.41) × 109 
5 1.78 (± 1.06) × 109 
6 1.35 (± 0.30) × 109 




Figure 16. Photograph of Turbo Extra Yeast. 
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However, unlike the Saccharomyces cerevisiae ATCC 9763, the number of individual 
yeast cells was larger than the number of budding yeast cells (Figure 16).  The size of 
the individual and budding yeast cells were approximately 5 – 10 µm and 10 – 15 µm 
respectively. 
 
B. Optimisation of microsphere production 
B1. Factors affecting the production of gellan gum microspheres 
B1.1. Temperature effect on yeast viability 
Study on the effect of temperature on the viability of the yeast cells was carried out 
prior to the production of blank gellan gum microspheres by emulsification. This 
study was necessary to determine the sensitivity of yeast cells to heat. The gelling 
temperature of gellan gum was above room temperature and the optimal temperature 
for growth of yeast cells was found to be approximately 30 to 37 °C. Temperature 
beyond 37 °C was expected to affect the viability of the yeast cells by inactivation and 
denaturation of cell proteins, necessary for the cellular activities of the yeast cells. A 
study was conducted to determine the ideal temperature of the gellan gum solution to 
be employed for microencapsulation without adversely harming the yeast cells. The 
viability of both the Saccharomyces cerevisiae ATCC 9763 and the Turbo Extra 
Yeast was not significantly affected when the cells were subjected to 30, 35 or 40 °C 
for 20 min (p > 0.05) (Table 4). However, reduction in yeast viability was observed in 
both types of yeast cells when subjected to 45 °C while all the yeast cells were killed 
at temperatures of 50 °C and above. The study clearly showed that both types of yeast 
cells were thermolabile. It is well-known that a high temperature will cause 
inactivation and denaturation of enzymes and proteins that regulate the biological 
activities of microorganisms (Kumakura et al., 1992).  
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Thus, the temperature of the gellan gum solution used during the emulsification 
process should be kept at 40 °C in order to preserve the viability of the yeast cells 
during the encapsulation process. 
 
B1.2. Concentration effect of polymer on congealation of gellan gum 
The concentrations of the gellan gum used were found to affect the gelling 
temperature of the polymer solutions. Table 5 shows the gelation properties of gellan 
gum. The gelling temperature of the gellan gum solutions was found to increase with 
increasing concentration of gellan gum: 30 °C (1 %, w/w) < 35 °C (1.5 %, w/w) < 48 
°C (2 %, w/w). Therefore, a higher temperature was necessary to maintain the 
polymer solution in liquid form when a higher polymer concentration was used. All 
the gellan gum gels formed were clear and transparent. However, the gels formed 
from 1 %, w/w solution were soft and brittle while those formed from 2 %, w/w 
solution were hard. The strength of the gels formed from 1.5 %, w/w solution was 
intermediate.  
 
Table 5. Gelation properties of gellan gum 
Gel concentration 
(%, w/w) 
Gelling temperature (°C) Gel properties 
1.0 30 Soft and brittle 
1.5 35 Soft 
2.0 48 Hard 
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The gelling temperature of the gellan gum solution was dependent on the 
concentration of the gellan gum used. Although 1 %, w/w gellan gum solution had a 
low gelling temperature (30 °C), it was unsuitable for the production of micro-
bioreactors as the gel produced was soft. On the other hand, 2 %, w/w gellan gum 
solution produced a hard gel which was desirable for production of micro-bioreactors. 
However, its corresponding gelling temperature at close to 50 °C was found 
unsuitable for the viability of the yeast cells. Furthermore, a very high gellan gum 
concentration was likely to cause impairment of mass transfer due to reduced matrix 
porosity. It was crucial for the gellan gum solution to remain in the liquid form at 
temperature below 45 °C to enable microencapsulation of the yeast cells without the 
detrimental heat-related effects on cell viability. Gellan gum solution at 1.5 %, w/w 
was found to be the most suitable as its gelling temperature was approximately 35 °C. 
Using this polymer concentration, microencapsulation could be carried out at 40 °C 
where the gellan gum solution existed in liquid form and the viability of the yeast 
cells unaffected. Hence, gellan gum concentration of 1.5 %, w/w was employed for 
the encapsulation of the yeast cells as an adequately hard gel could be produced at 35 
°C. 
 
B1.3. Effects of emulsification process and formulation factors on the properties 
of gellan gum microspheres 
A modified emulsification method (Wan et al., 1992) was employed for the 
production of gellan gum microspheres. The effects of gellan gum polymer 
concentration had been discussed in section B1.2. Gellan gum solution at 1.5 %, w/w 
was used in this study as it was found to be suitable for the encapsulation of yeast 
cells. The effects of using different types of surfactant blends with different HLB 
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values and different types of continuous phases on the properties of gellan gum 
microspheres produced were further investigated. 
 
A stirring speed of 600 rpm was employed in the production of microspheres that 
would be subsequently developed as micro-bioreactors. This was adopted to avoid 
cell damage brought about by high mechanical stirring stresses. The helix formation 
by gellan gum was reported to occur at low temperature (Mei and Yao, 2002; 
Crescenzi and Dentini, 1987; Grasdalen and Smidsrød, 1987). Hence, in the 
production of gellan gum microspheres, the temperature of the emulsion was 
gradually reduced to about 15 °C to induce congealation of gellan gum, forming the 
matrix of the microspheres. Calcium chloride solution was then added as a cross-
linking agent to induce aggregation of the gellan gum helices and stabilise the gellan 
gum matrix (Roukas, 1996; Chandrasekaran and Thailambal, 1990). The reaction 
mixture was allowed to cure for 2 h to achieve more effective cross-linking as this 
would produce stronger and more stable gellan gum microspheres. 
 
The formation of gellan gum microspheres was found to be greatly affected by the 
type of surfactants used (Table 6). Combinations of Span 60-Tween 60 were found 
unsuitable as clumps of gellan gum gel were always found at the bottom of the 
reaction vessel. In contrast, combinations of Span 80-Tween 80 or Span 85-Tween 85 
were able to form microspheres (Table 6). However, the combination of Span 85-
Tween 85 was less favoured because weaker microspheres showing a rather high 
degree of aggregation were produced.  
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Table 6. Effect of surfactant blends on production of gellan gum microspheres. 
Surfactant blend HLB 
value 
Degree of 
aggregation (%) Microspheres properties 
Span 60-Tween 60 5, 6, 7 - Clumps of aggregated 
microspheres 
Span 80-Tween 80 5 13.6 
Relatively spherical and 
discrete microspheres with 






Span 85-Tween 85 5 40.5 
High degree of 





(a)  (b) 
  
 
Figure 17. Photographs of gellan gum microspheres produced using (a) Span 80-
Tween 80 and (b) Span 85-Tween 85 combinations with HLB value of 7. 
100 µm 100 µm 
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Span 80 and Tween 80 combination was found to be most ideal as relatively discrete 
and spherical microspheres were produced (Figure 17). Gellan gum microspheres with 
different degrees of aggregation could be produced at all the HLB values investigated 
(Table 6). Surfactants play an imperative role in successful production of 
microspheres by emulsification. The composition and concentration of emulsifiers in 
the aqueous phase affect the size and shape of the microspheres formed (Wan et al., 
1992). Appropriate amount and composition of surfactant blend was required for the 
formation of round and discrete microspheres and to prevent distortion and/or fusion 
of immature microspheres during cross-linking (Wan et al., 1992, 1993). It is well 
known that the emulsification efficiency would be affected by the type of surfactant 
blends used. Span 80-Tween 80 was found to be a more suitable surfactant blend 
compared to Span 85-Tween 85 for emulsification of gellan gum solution in iso-
octane, hence the microspheres produced were strong and discrete. 
 
It was necessary to determine the most suitable HLB for the combination of Span 80 
and Tween 80 to stabilise the emulsion composed of droplets of the gellan gum 
solution in iso-octane. The HLB value of the surfactant blend exerted significant 
influence on the size, shape and aggregation propensity of the gellan gum 
microspheres produced (Table 7, Figure 18). HLB values of 5 to 12 were able to 
produce microspheres. However, HLB 5 to 8 produced microspheres with a high 
degree of aggregation while HLB 9 produced small and spherical microspheres with a 
low degree of agglomeration. HLB values above 9 also resulted in significant degree 
of microsphere aggregation and found to be unsuitable for the production of gellan 
gum microspheres. Efficient emulsification would be achieved with the use of optimal 
HLB value of surfactant blends. The gellan gum solution was dispersed as very small 
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droplets and the droplets would congeal to form very small gellan gum microspheres 
at low temperature and in the presence of calcium chloride solution. Very small 
microspheres have a tendency to aggregate. Hence, HLB values of 10 to 12 showed 
greater signs of microsphere aggregation. 
 
The use of iso-octane as continuous phase for the production of alginate microspheres 
to encapsulate drugs had been established (Wan et al., 1992). However, this organic 
solvent may be harmful to yeast cells which are living and more sensitive than most 
drugs. Ethyl acetate had been reported to exhibit comparatively low toxicity effect to 
humans and the environment compared to other organic solvents (Bahl and Sah, 
2000). Thus, ethyl acetate was used to replace iso-octane in the production of gellan 
gum microspheres. 
 
Table 7. Properties of gellan gum microspheres prepared at various HLB values. 







Span Roundness Degree of 
aggregation (%) 
5 16.5 33.0 62.0 1.38 1.05 13.6 
6 16.0 32.5 63.5 1.46 1.05 10.2 
7 15.5 28.5 59.5 1.54 1.03 7.9 
8 15.0 27.5 59.0 1.60 1.02 5.6 
9 13.5 28.0 61.5 1.71 1.02 3.4 
10 13.0 28.0 63.5 1.80 1.03 6.1 
11 13.0 29.0 65.5 1.81 1.03 9.2 
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 (a)            (b) 
                      
      (c)             (d) 
  
      (e)             (f) 
                       
      (g)             (h) 
      
 
Figure 18. Photographs of gellan gum microspheres produced using a Span 80-Tween 
80 blend with HLB values of (a) 5, (b) 6, (c) 7, (d) 8, (e) 9, (f) 10, (g) 11 and (h) 12. 
 
100 µm 
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100 µm 
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However, ethyl acetate was found to be an unsuitable continuous phase for the 
production of gellan gum microspheres because microspheres were not formed for all 
the conditions investigated. Clumps of gellan gum gel were collected during filtration 
at the end of the emulsification process. On the other hand, iso-octane was able to 
produce microspheres under certain conditions. Bahl and Sah (2000) reported that 
aggregation of PLGA microspheres occurred during filtration due to the presence of 
ethyl acetate residue on the microspheres. It was reported that evaporation of ethyl 
acetate increased with an increase in stirring time during emulsification. Evaporation 
of the continuous phase would increase the concentration of polymer, water and 
surfactants in the emulsion and reduce the stability of the emulsion. The boiling point 
of iso-octane (99.3 °C) is higher than that of ethyl acetate (77.1 °C). Hence, the 
evaporation of iso-octane would be slower and the stability of the emulsion was 
expected to be less affected when compared with ethyl acetate as continuous phase. 
Formation and stability of the polymer droplets during emulsification could have also 
been affected by the physical properties of the organic solvent such as density, 
viscosity and water miscibility. Ethyl acetate is partially miscible in water (0.083 
g/mL) compared to the immiscible iso-octane. The relatively high solubility in water 
would cause fast diffusion of ethyl acetate into the aqueous polymer droplets during 
emulsification and reduced the stability of the dispersed droplets in the emulsion.  
 
In the determination of optimal conditions for production of microspheres, 
consideration was necessary to ensure minimal harmful effects on the viability of 
yeast cells besides the ability to produce relatively discrete and spherical 
microspheres. The optimal conditions for the production of gellan gum microspheres 
were found to be 1.5 %, w/w gellan gum with iso-octane as the continuous phase, 
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Span 80-Tween 80 blend with HLB of 9, stirring speed of 600 rpm, with 
emulsification of 10 min, congealing time of 10 min at 15 °C and cross-linking 
duration of 15 min followed by curing time of 2 h. The gellan gum microspheres thus 
produced were relatively discrete and spherical (Figure 19), with a low degree of 
aggregation (3.4 %). They exhibited a unimodal size distribution with mean diameter 
of 33.6 µm (Figure 20). More than 80.9 % of the gellan gum microspheres were 
smaller than 50 µm, with the largest size fraction of 29.4 % in the range of 20.0 to 
29.9 µm. 
 
B2. Effects of the emulsification process and formulation factors on the 
properties of calcium alginate microspheres  
A low viscosity sodium alginate grade (Manucol LB) was employed in this study to 
produce calcium alginate microspheres. A low viscosity sodium alginate grade was 
preferred to enable efficient emulsification. High viscosity polymer solution would be 
more difficult to disperse as small droplets in the organic phase. In the production of 
microspheres from sodium alginate (Manucol LB), calcium chloride was also used as 
the cross-linking agent (Blandino et al., 1999; Lee et al., 1996). The reaction mixture 
was allowed to cure for 2 h to achieve more effective cross-linking as this produced 
stronger and more stable calcium alginate microspheres (Draget et al., 1991). The 
success of calcium alginate microsphere formation was affected by the type of organic 
solvent and concentration of sodium alginate. As for gellan gum, ethyl acetate was 
found unsuitable as continuous phase for the production of calcium alginate 
microspheres as large clumps of alginate were always obtained for all the conditions 
investigated. Conversely, iso-octane was able to produce microspheres under certain 
conditions.  































Figure 20. Size distribution of blank gellan gum microspheres. 
100 µm 
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Iso-octane appeared to be a better continuous phase compared to ethyl acetate in the 
production of gellan gum as well as alginate microspheres due to the aforementioned 
reasons. 
 
The use of Span 85-Tween 85 blend for the production of alginate microspheres had 
been well established (Chan et al., 2005, 2000, 1998, 1997; Wan et al., 1992), hence 
the combination of this surfactant was used in this study. The HLB value of the Span 
85-Tween 85 blend strongly influenced the formation of the calcium alginate 
microspheres. HLB values of 4 to 9 were able to produce calcium alginate 
microspheres. However, HLB 4 to 6 produced irregular microspheres with a high 
degree of aggregation. While HLB values of 7 produced relatively spherical 
microspheres with a low degree of aggregation. HLB values above 7 resulted in 
significant degree of microsphere aggregation (Figure 21, Table 8). 
 
The optimal HLB value for the production of alginate microspheres was different 
from optimal HLB value for the gellan gum microspheres. The production of gellan 
gum microspheres required a surfactant blend of Span 80-Tween 80 at HLB 9 to form 
relatively discrete and spherical microspheres. The HLB value used for the production 
of gellan gum microspheres (HLB 9) was higher than that of alginate microspheres 
(HLB 7). The HLB value was achieved using a mixture of hydrophobic and 
hydrophilic surfactant blend. The higher HLB value used indicated higher proportion 
of hydrophilic surfactant in the blend. Gellan gum is an extremely hydrophilic 
polymer (Valli and Miskiel, 2001). This probably accounted for the higher proportion 
of hydrophilic surfactant required to stabilise the gellan gum droplets in the emulsion. 
 




(a)      (b) 
 
(c)      (d) 
 
(e)       (f) 
  
  
Figure 21. Photographs of calcium alginate microspheres produced using Span 85-
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Table 8. Properties of alginate microspheres at varying HLB. 







Span Roundness Degree of 
aggregation (%) 
4 6.5 23.0 55.5 2.13 1.28 46.2 
5 9.5 27.5 60.0 1.84 1.25 39.8 
6 13.5 31.0 60.5 1.52 1.02 27.5 
7 15.0 33.0 64.0 1.48 1.02 10.4 
8 10.5 31.5 70.0 1.89 1.04 20.3 
9 10.0 29.0 70.0 2.07 1.07 36.2 
 
 
Low concentrations of sodium alginate, below 5 %, w/w produced large clumps that 
formed a congealed cake at the bottom of the reaction vessel. There appeared to be 
insufficient matrix integrity for the successful production of microspheres at low 
concentrations of sodium alginate used. The sodium alginate solution was subjected to 
autoclaving before used. The steam sterilisation had caused significant reduction in 
the viscosity of the sodium alginate solution. Depolymerisation of the alginate 
structure occurred and reduced the mechanical strength of the cross-linked calcium 
alginate. Hence, cross-linked calcium alginate droplets were weak and coalesced into 
large aggregates during the curing stage. A well-formed spherical calcium alginate 
microsphere with stiff cross-linked matrix would less likely to deform and become 
aggregated. Alginate concentrations of 6 to 10 %, w/w were able to produce discrete 
microspheres. However, alginate concentrations of 6 and 7 %, w/w produced poorly 
formed microspheres that were irregular in shape. An optimum alginate concentration 
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of 8 %, w/w was found to produce spherical microspheres with a low degree of 
aggregation. The viscosity of the sodium alginate solution was significantly reduced 
by the sterilisation process and it was necessary to use a higher concentration of 
sodium alginate to produce gel droplets of sufficient viscosity to form strong and hard 
microspheres upon cross-linking. Hence, discrete and spherical microspheres were 
obtained only with relatively high concentration of sodium alginate solution used. The 
optimal concentration was found to be 8 %, w/w. It was likely that the cross-linking 
by calcium ions occurred mainly at the surface of the droplets. The gel strength 
determined the structural integrity of the freshly cross-linked alginate microspheres. 
Thus, adequate gel strength was necessary to prevent deformation of the fresh 
microspheres. Alginate concentrations above 8 %, w/w produced large microspheres 
with significant degree of aggregation. Table 9 and Figure 22 show the properties of 
the alginate microspheres at various polymer concentrations.  
 
Overall, the optimal conditions for the production of calcium alginate microspheres 
were found to be 8 %, w/w sodium alginate with iso-octane as the continuous phase, 
Tween 85-Span 85 blend with HLB of 7, stirring speed of 600 rpm and cross-linking 
duration of 15 min followed by curing time of 2 h. The calcium alginate microspheres 
produced (Figure 23) were generally discrete and spherical, with a low degree of 
aggregation (10.4 %). They exhibited a unimodal size distribution and mean diameter 
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HLB value Microspheres properties 
4 – 5 %, w/w 7 Large clumps of aggregated 
microspheres 
6 – 7 %, w/w 7 Irregular shaped microspheres 
8 %, w/w 7 
Relatively spherical and discrete 
microspheres with low degree of 
microspheres aggregation 




Gellan gum and sodium alginate are polymers with different physicochemical 
properties. This aptly accounts for the big difference in the optimal concentration 
between gellan gum (1.5 %, w/w) and sodium alginate (8 %, w/w) for the production 
of microspheres to be developed as micro-bioreactors. More than 73.4 % of the 
microspheres were smaller than 50 µm, with the largest size fraction of 22.7 % in the 
range of 20.0 to 29.9 µm. 
 
Comparing these optimal concentrations, the microspheres produced from gellan gum 
were translucent whereas alginate microspheres were opaque. The span value of 
gellan gum microspheres (1.71) was higher than that of the alginate microspheres 
(1.48). 
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(a)      (b) 
 
   (c) 
 
(d)      (e) 
  
 
Figure 22. Photographs of calcium alginate microspheres produced from sodium 
alginate concentrations of (a) 6, (b) 7, (c) 8, (d) 9 and (e) 10 %, w/w. 
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Figure 24. Size distribution of optimised blank calcium alginate (Manucol LB) 
microspheres. 
200 µm 
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This indicates that the calcium alginate microspheres exhibited narrower size 
distribution compared to gellan gum microspheres. However, the mean sizes of both 
types of microspheres were comparable (p > 0.05) with the modal size fractions of 
20.0 to 29.9 µm. The degree of microspheres aggregation of gellan gum (3.4 %) was 
lower than that of the alginate microspheres (10.4 %). 
 
C. Production of micro-bioreactors 
C1. Encapsulation of yeast cells in gellan gum microspheres 
Both the Saccharomyces cerevisiae ATCC 9763 (SCA) and Turbo Extra Yeast (TEY) 
cells were successfully encapsulated in gellan gum microspheres using the 
emulsification method with 1.5 %, w/w gellan gum and the optimal production 
conditions obtained in section B1.3. Modifications of the pre-determined conditions 
for blank gellan gum microspheres were not necessary as the micro-bioreactors 
produced were relatively discrete and spherical, with a low degree of microsphere 
aggregation (< 6 %). Unencapsulated yeast cells were not detected by microscopic 
examination of aliquot samples of the freshly harvested yeast-gellan gum micro-
bioreactors and the washings. The size of the microspheres was sufficiently large to 
accommodate both the individual yeast cells of 5 to 10 µm in size, as well as, the 
budding yeast cells which were larger in size, approximately 10 to 15 µm. The 
translucent gellan gum microspheres allowed the entrapped yeast cells to be seen 
under the microscope (Figure 25). The yeast cells were scattered uniformly within the 
gellan gum matrix. Figure 25 shows that a large number of yeast cells was 
encapsulated within each gellan gum microsphere. The number of yeast cells 
encapsulated within a microsphere was dependent on the size of the microsphere.  
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Larger microspheres were found to hold corresponding larger number of encapsulated 
yeast cells. Both individual and budding yeast cells were entrapped within the matrix 
of gellan gum. The gellan gum microspheres containing Saccharomyces cerevisiae 
ATCC 9763 (GG-SCA micro-bioreactors) and Turbo Extra Yeast (GG-TEY micro-
bioreactors) exhibited unimodal size distribution (Figure 26). The blank microspheres 
also exhibited unimodal size distribution, which is typical of microspheres produced 
by the emulsification method. 
 
The mean diameter of the GG-SCA and GG-TEY micro-bioreactors were 21.8 µm 
and 36.7 µm respectively. The largest size fractions of GG-SCA and GG-TEY micro-
bioreactors were found to be between 10.0 to 19.9 µm and 20.0 to 29.9 µm 
respectively (Figure 26). The mean diameter and the modal size fraction of the GG-
SCA micro-bioreactors were smaller than that of the GG-TEY micro-bioreactors. As 
mentioned earlier, the number of budding SCA cells observed was relatively larger 
than that of the individual SCA cells when observed under the microscope. Unlike 
SCA cells, the number of individual TEY cells was higher than the number of 
budding cells. The detached SCA buds which were relatively smaller in size could 
have been coated with gellan gum during the encapsulation process. This aptly 
explains the larger number of GG-SCA micro-bioreactors that were smaller than 20 
µm and the corresponding smaller mean diameter (Figure 26). 
 
C2. Encapsulation of yeast cells in calcium alginate microspheres 
The yeast cells were also successfully encapsulated in calcium alginate microspheres 
using the emulsification method with 8 %, w/w sodium alginate and the optimal 
production conditions as stated in section B2.  























































Figure 26. Size distribution of (a) GG-SCA and (B) GG-TEY micro-bioreactors. 
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Modifications of the pre-determined conditions for blank calcium alginate 
microspheres were not necessary as the micro-bioreactors produced were relatively 
discrete and spherical. Unencapsulated yeast cells were not detected by microscopic 
examination of aliquot samples of the freshly harvested yeast-calcium alginate micro-
bioreactors and the washings. The yeast-calcium alginate micro-bioreactors were 
opaque and the encapsulated yeast cells could not be seen clearly under the light 
microscope (Figure 27). Similar to the blank calcium alginate microspheres, the 
calcium alginate microspheres containing Saccharomyces cerevisiae ATCC 9763 
(MA-SCA micro-bioreactors) and Turbo Extra Yeast (MA-TEY micro-bioreactors) 
exhibited unimodal size distribution (Figure 28). Both the MA-SCA and MA-TEY 
micro-bioreactors had the largest size fractions of 24.4 and 22.1 % in the range of 
20.0 to 39.9 µm and mean diameters of 74.4 and 78.0 µm respectively (Figure 28). 
 
D. Viability of yeast cells subjected to the emulsification process employed in 
microencapsulation 
While the emulsification method was successfully employed to produce microspheres 
from sodium alginate and gellan gum, its effect on the viability of yeast was unclear. 
Attempts were made to investigate this by determining the viable count of the micro-
bioreactors produced.  
 
Gellan gum used in the production of gellan gum microspheres is a very stable 
polymer. Thus, the gellan gum microspheres could only be broken down by 
employing high temperature or enzymes to liberate the yeast cells for viable count. 
Such conditions employed would inadvertently harm the yeast cells and result in 
lower viable count.  
Results and Discussion: Part One 
95 
 
   (a) 
 





Figure 27. Photographs of (a) blank calcium alginate (Manucol LB) microspheres, (b) 
























































Figure 28. Size distribution of (a) MA-SCA and (b) MA-TEY micro-bioreactors. 
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Hence, an alternative approach, was used to liberate the yeast cells from gellan gum 
micro-bioreactors, by using the heat treatment at 45 °C. However, the temperature 
was too low to break down the gellan gum matrix.  
 
According to the literature, the calcium alginate matrix could be broken down in the 
presence of counter-ions or chelating agents (Thu et al., 1996; Vogelsang and 
Østgaard, 1996). The calcium alginate microspheres in this study were expected to be 
highly cross-linked as a relatively high concentration of calcium chloride solution and 
prolonged curing time were employed. This was carried out to produce strong 
microspheres that could withstand mechanical stress that might be encountered in 
subsequent studies. Hence, a high concentration of sodium chloride (counter-ion) 
would be needed to break down the calcium alginate matrix and liberate the yeast 
cells. Since exposure of yeast cells to a high concentration of sodium chloride might 
affect their viability, it was necessary to determine the effects of various sodium 
chloride concentrations on the viability of yeast cells. Being more sensitive than 
Turbo Extra Yeast, Saccharomyces cerevisiae ATCC 9763 was used as the model 
microorganism in this study. Table 10 shows the viable count of the yeast cells 
subjected to different concentrations of sodium chloride solution for 2 h at 25 °C 
(room temperature). The viability of the yeast cells was found to decrease with 
increase in concentration of sodium chloride. The viability of the yeast cells was 
significantly affected by sodium chloride concentration of 4 %, w/w and above (p < 
0.05). High concentrations of sodium chloride are known to cause the death of 
eukaryotic cells by plasmolysis (Karp, 1999).  
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Table 10. Viable count of yeast cells subjected to different concentrations of sodium 
chloride solution. 
 
Concentration of NaCl 
(%, w/w) Viable count 
Percent viability 
(%) 
Control (Initial count) 9.23 (± 0.25) × 106 100 
2 9.00 (± 0.59) × 106 97.5 
4 6.83 (± 0.43) × 106 74.0 
6 6.50 (± 0.50) × 106 70.4 
8 6.43 (± 0.55) × 106 69.7 
10 5.73 (± 0.25) × 106 62.1 
 
 
Being osmophilic, the yeast cells could tolerate 2 %, w/w sodium chloride solution 
reasonably as 97.5 % viability was obtained. However, higher concentrations of 
sodium chloride were found to be harmful. Thus, 2 %, w/w sodium chloride was used 
in the subsequent attempt to break the alginate microspheres and liberate the yeast 
cells. 
 
Liberation of the encapsulated yeast cells from the MA-SCA micro-bioreactors was 
found to be unsuccessful as the calcium alginate microspheres were not completely 
dismembered despite leaving them to stir in the 2 %, w/w sodium chloride solution 
for more than 24 h. The concentration of sodium chloride that could be tolerated by 
the yeast cells was not sufficient for breaking down the calcium alginate matrix 
completely to ensure that all the encapsulated yeast cells were liberated. Higher 
sodium chloride concentration and longer stirring duration could not be employed as 
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they were previously found to be harmful to the yeast cells. Hence, the above method 
was not useful for breaking down the calcium alginate matrix to determine the viable 
count of the micro-bioreactors produced.  
 
In the emulsification process, an organic solvent, surfactants and prolonged stirring at 
600 rpm were employed. Elevated temperature was also involved in the case of gellan 
gum. The emulsification process should not be unduly harmful to the yeast cells. It 
was deemed important to explore an alternative method to investigate the summative 
effect of the aforementioned factors on the viability of the yeast cells. In this study, 
the yeast cells were subjected to the emulsification process, without the encapsulating 
polymer and cross-linking agent. Both Saccharomyces cerevisiae ATCC 9763 (SCA) 
and Turbo Extra Yeast (TEY) were tested. 
 
The viable count of TEY was reduced from by about 4 times after the simulated 
emulsification process with gellan gum (Table 11). Similar results were reported by 
Raymond et al. (2004) where viable count of yeast was reduced by approximately 10 
times after emulsification to produce chitosan coated carrageenan microspheres. In the 
present study, the microspheres were allowed to stand in the reaction mixture for 2 h 
to further harden the microspheres. This step was found to have insignificant effect (p 
> 0.05) on the viability of the yeast cells as only a slight decrease in viable count was 
observed (Table 11). The SCA cells were more drastically affected by the 
emulsification process compared to TEY cells as the viable count was reduced by 
about 45 times. Similar to TEY cells, the viability of the SCA cells was also not 
significantly affected by the curing stage (p > 0.05).  
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In the simulated emulsification process for alginate, the viable count of SCA and TEY 
cells were reduced by about 32 and 4 times respectively at the end of the process 
(Table 11). The curing step was found to have insignificant effects (p > 0.05) on the 
viability of the SCA and TEY cells. The overall results showed that the viability of 
SCA cells was more significantly affected by the emulsification process than the TEY 
cells. The viable count of the SCA cells was reduced by about 32 to 45 times 
compared to about 4 times for the TEY cells. 
 
This suggested that the SCA cells were more sensitive and prone to cell damage 
compared to the TEY cells despite being exposed to similar processing conditions. 
According to the supplier, TEY is a commercial yeast product specially adapted for 
industrial fermentation application involving harsher conditions. From the viable 
counts, it was also clearly seen that the emulsification conditions for alginate were 
less harmful than those for gellan gum. Further investigation showed that yeast cells 
subjected to the emulsification process required additional two days of incubation at 
37 °C to form colonies on malt extract agar. This indicated that the emulsification 
process had affected cellular activities and repressed cell growth. Nevertheless, the 
emulsification process for both polymers was feasible for encapsulating yeast cells to 
produce micro-bioreactors. 
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PART TWO  
FERMENTATION EFFICIENCY OF FREE YEAST AND MICRO-
BIOREACTORS 
A. Assay of ethanol 
A1. Optimisation of gas chromatography-mass spectrometry conditions for assay 
of ethanol 
A mixture containing 5 %, v/v ethanol and 0.05 %, v/v acetone (internal standard) in 
2-ethyl-1-hexanol (solvent for extraction) was used for optimisation of the gas 
chromatography-mass spectrometry (GC-MS) conditions for assay of ethanol. Clear 
separation of ethanol and acetone peaks was obtained when the initial column 
temperature was maintained at 40 °C for 3 min (Figure 29). The boiling point of 
acetone (56.3 °C) is lower than that of ethanol (78.2 °C), therefore the acetone peak 
appeared first at the retention time of 1.528 min followed by the ethanol peak at the 
retention time of 1.685 min. The boiling point of 2-ethyl-1-hexanol is 184.7 °C, thus 
the column temperature was subsequently increased from 40 to 200 °C at a rate of 50 
°C/min and then maintained at 200 °C for 10 min to allow complete evaporation of 2-
ethyl-1-hexanol.  
 
A2. Optimisation of ethanol extraction from aqueous fermentation medium 
The solvent extraction method was adapted from Offemen et al. (2005a, b) for 
extraction of ethanol from the aqueous fermentation medium. 2-Ethyl-1-hexanol is an 
organic solvent with a relatively high ethanol/water distribution coefficient (0.43 at 25 
°C) and it was reported to be suitable for extraction of ethanol from an aqueous 
medium (Offemen et al., 2005a, b; Solimo, 1990; Egan et al., 1988; Munson and 
King, 1984).  
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Hence, 2-ethyl-1-hexanol was used in this study to extract ethanol from the 
fermentation medium. In the determination of extraction efficiency, the solvent was 
added to an equivalent amount of fermentation medium containing a known amount 
of ethanol and the mixture was agitated for 5 min. On centrifugation, the mixture was 
found to separate into two phases, with the upper phase composed of 2-ethyl-1-
hexanol with extracted ethanol. The upper phase was then removed for assay of 
ethanol. An equivalent amount of 2-ethyl-1-hexanol was added to the lower phase and 
the above procedure repeated up to five times. Figure 30 shows the relationship 
between extraction efficiency and number of extraction cycles. The extraction 
efficiency decreased drastically from 36.35 % in the first extraction cycle to 13.77 % 
in the third extraction cycle, followed by gradual decrease to 7.68 % in the fourth 
extraction cycle and 5.23 % in the fifth extraction cycle. Subsequent extraction cycles 
were unlikely to recover much ethanol from the fermentation medium. Conversely, 
the overall extraction efficiency increased drastically from 36.35 % to 74.08 % when 
the cumulative extraction was increased to 3 cycles (Figure 30). Beyond 3 cycles, the 
increase in overall extraction efficiency was insignificant (p > 0.05). Thus, three 
cycles of extraction was employed in the recovery of ethanol from the fermentation 
medium. In the later part of this study, the relative fermentation efficiency of free 
yeast cells and micro-bioreactors would be determined by the amount of ethanol they 
produced. The latter would be recovered from the fermentation medium by the 
optimised extraction method. Although the extraction efficiency was not close to 100 











































































































Results and Discussion: Part Two 
106 
 
A3. Standard ethanol calibration plot for assay of ethanol by GC-MS 
Known amount of ethanol were added to the fermentation medium and recovered 
using the optimised extraction method. The samples were then assayed for ethanol by 
GC-MS using the optimal operation conditions determined. A standard ethanol 
calibration plot of the ratio between the peak areas against the concentrations of 
ethanol and acetone was constructed (Figure 31). The ratio between the peak area 
increased with ethanol concentration in accordance with a linear relationship 
represented by y = 0.0138521 x.  
 
B. Study of fermentation process using free yeast cells 
The optimal fermentation conditions to produce ethanol may differ for different types 
of yeast cells used for fermentation (Berthels et al., 2004). Each type of yeast has its 
own requirements to produce optimal ethanol yield. Preliminary studies were 
therefore carried out to determine the best conditions for fermentation using 
Saccharomyces cerevisiae (SCA) and Turbo Extra Yeast (TEY) respectively.  
 
B1. Selection of suitable fermentation media and conditions 
Nutrient broth is the routine cultivation medium for microorganisms especially 
bacteria. On the other hand, malt extract broth and Sabouraud dextrose broth were 
suitable for cultivation of yeast and fungi. These cultivation media were also used for 
fermentation. The SCA cells were found to produce the highest ethanol yield (0.98 %, 
v/w) when incubated in malt extract broth in an air-tight vessel at 30 °C in a shaker 
water bath operated at 90 strokes per min.  
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Other fermentation media (Sabouraud dextrose broth and nutrient broth) employed 
under the same incubation conditions yielded less ethanol, indicating that they were 
less suitable for yeast fermentation (Figure 32).  
 
Besides the fermentation medium, the fermentation temperature was also found to 
affect the ethanol yield. SCA cells produced less ethanol after 12 days of incubation in 
malt extract broth at room temperature of 25 °C and 37 °C, compared to 30 °C (Figure 
33). These findings were in agreement with those reported by other workers (Reddy 
and Reddy, 2006). The lower ethanol yield at 25 °C could be attributed to lower 
activity of enzymes at lower temperature. In addition, Navrátil et al. (2001) reported 
that temperature above 30 °C led to significant inhibition of ethanol production, due 
to denaturation of thermosensitive enzymes at higher temperature. Hence, incubation 
at 30 °C was found to be optimal for fermentation using SCA cells. 
 
Further investigations were carried out to determine the effects of atmospheric 
conditions and agitation on the fermentation efficiency of the SCA cells. This 
involved fermentation in a closed vessel with loop trap. The vessel was placed under 
normal atmospheric condition, without agitation or with agitation provided by a 
shaker water bath. Fermentation was also carried out in a loosely closed vessel placed 
in an anaerobic chamber with 10 % carbon dioxide, without agitation. As indicated by 
the yield of ethanol, the closed vessel with a loop trap was able to provide an 
anaerobic environment for fermentation to take place. Agitation of the fermentation 
medium during incubation was found to improve the production of ethanol 
significantly (p < 0.05) (Figure 34).  
 































































































































































Fermentation in loosely closed vessel 
placed in anaerobic chamber without 
agitation
Fermentation in closed vessel with loop 
trap, placed in normal atmospheric 
condition without agitation
Fermentation in closed vessel with loop 

















Figure 34. Fermentation efficiency of SCA cells incubated at 30 °C under different 
atmospheric conditions with / without agitation. 
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This could be accounted by better circulation of nutrients and metabolites in the 
fermentation medium, thereby increasing accessibility of the nutrients to the cells and 
avoiding concentration of toxic metabolites around the cells. Contrary to expectation, 
fermentation in the anaerobic chamber did not result in higher ethanol yield (p < 
0.05), indicating that an enriched carbon dioxide atmosphere was not necessarily 
advantageous for yeast fermentation. It also emphasised the importance of agitating 
the fermentation medium, which could not be carried out in the anaerobic chamber 
employed. 
 
Further studies were carried out using TEY with malt extract broth, 30 %, w/v sucrose 
solution as recommended by supplier of TEY or a combination of both, to investigate 
the optimal fermentation conditions for TEY cells. Fermentation was carried out in a 
closed vessel with loop trap and placed in normal atmospheric condition, with 
agitation provided by a shaker water bath. Fermentation was carried out at 30 °C, for 
5 days to obtain maximum ethanol yield as recommended by the supplier. Contrary to 
expectation, low ethanol yield was observed when fermentation was carried out with 
30 %, w/w sucrose (Figure 35). The recommended fermentation condition by the 
supplier (30 %, w/w sucrose) should yield approximately 16 %, v/v ethanol. The 
discrepancy could be attributed to the method used during preparation of the TEY 
cells. The TEY cells supplied were incorporated with nutritional additives required for 
fermentation. However, these nutrients dissolved in the sterile water during hydration 
of the TEY cells and were discarded after centrifugation to collect the yeast pellets. 
Yeast cells required adequate nutritional additives such as yeast extract, ammonium, 
calcium and magnesium for production of ethanol during fermentation (Reddy and 
Reddy, 2006; Dragone et al., 2003; Bafrncová et al, 1999).  
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These nutritional supplements were essential to sustain the viability of yeast cells for 
growth and fermentation. Malt extract broth (MEB) is a type of cultivation medium 
suitable for cultivation of yeast cells as it contains the essential nutrients needed for 
growth of yeast cells. A marked increase in ethanol yields were obtained when MEB 
was added into the sucrose solution. MEB generally contains yeast extract, malt 
extract, peptone, maltose and dextrose. The nitrogen source and trace elements 
present in the MEB were essential for growth of the yeast cells and the production of 
ethanol under anaerobic conditions (Bafrncová et al., 1999). Amino acids were 
required for protein synthesis, essential to regulate the cellular and metabolic activity 
of the yeast cells (Reddy and Reddy, 2006). Assimilated proteins also increased the 
ethanol tolerance of yeast cells (Bafrncová et al., 1999). Bafrncová et al. (1999) 
reported that addition of free amino nitrogen in the fermentation medium enhanced 
fermentation efficiency and high rate of cell proliferation. Similarly, addition of MEB 
improved the fermentation efficiency and growth of the TEY cells, thus fermentation 
media comprising 30 %, w/w sucrose and different concentrations of malt extract 
broth were investigated to improve the fermentation efficiency of the TEY cells.  
 
The MEB supplier recommended a concentration of 1.5 %, w/w (15 g of MEB 
powder in one kg water) for optimal cultivation of yeast and/or fungi. The MEB is 
generally costly and would increase the ethanol production cost when used in large 
quantity for cultivation and/or fermentation. Hence, study was undertaken to 
investigate the effect of low MEB concentrations (below 1.5 %, w/w) on the 
fermentation efficiency of TEY cells. This study was carried out in an attempt to 
reduce the amount of MEB used during fermentation to minimise the ethanol 
production cost. The results showed that ethanol yield increased with increase in 
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concentration of MEB (Figure 36). All the ethanol yields produced using less than 1.5 
%, v/w MEB were significantly lower than that of the ethanol yield produced with 1.5 
%, w/w MEB after 10 days of fermentation (Figure 36). This clearly showed that TEY 
cells required sufficient nutrient additives to support the growth of the cells to carry 
out fermentation efficiently. Reducing the MEB content would compromise the 
ethanol yield, hence reducing the process productivity. Fermentation also required 
presence of glucose or sucrose as substrates for the production of ethanol. This 
explains the low ethanol yield observed when fermentation was carried out without 
MEB and without addition of sucrose (Figure 35). 
 
B2. Influence of sucrose concentration on fermentation ability of free yeast cells 
The ethanol yield produced by SCA cells in only MEB was relatively low (0.98 %, 
v/w), which was undesirable. This was attributed to insufficient substrates required to 
optimally produce ethanol. Malt extract broth consists of 0.18 %, w/w maltose and 0.6 
%, w/w dextrose. From the results, it could be inferred that the glucose in MEB was 
also needed for other cellular functions besides fermentation. Sugars especially 
glucose is the main source of carbon and energy for cell physiology and proliferation 
of yeast cells. Glucose was utilised for regulation of the tricarboxylic acid cycle and 
respiration of yeast cells (Fiechter and Seghezzi, 1992). Hence, a higher concentration 
of glucose would be required for the production of significant amount of ethanol by 
fermentation. Sucrose is the most commonly used substrate for fermentation to 
produce ethanol because it is readily available. Besides, it does not involve additional 
costly treatment prior to use in fermentation. Yalçin and Özbas (2004) reported that 
sucrose was the most favourable substrate for optimal growth of yeast cells during the 
fermentation process. 
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The amount of sucrose added into the fermentation medium was reported to be crucial 
for an efficient fermentation process (Yalçin and Özbas, 2004). High initial substrate 
concentration in the fermentation medium was found to inhibit the growth of yeast 
cells. Hence, a study was carried out to investigate the effect of sucrose concentration 
on the fermentation performance of both SCA and TEY cells. 
 
Figure 37 shows the fermentation efficiency of the SCA and TEY cells in 
fermentation media consisting of 1.5 %, w/w MEB and different concentrations of 
sucrose. For both types of yeast, the ethanol yield increased with the increase in 
sucrose concentration up to 30 %, w/w and then decreased when 40 %, w/w sucrose 
was used. The ethanol yields from 20 and 30 %, w/w sucrose were significantly 
higher than that obtained from 10 %, w/w sucrose (p < 0.05) and the control, 
indicating that substrate availability was the limiting factor for the production of 
ethanol. Conversely, high sucrose concentration of 40 %, w/w was found to impair the 
fermentation ability of the yeast cells, probably due to the harmful effects of high 
osmotic pressure. Table 12 shows the osmolarity and the corresponding pH of 
different concentrations of sucrose in malt extract broth. The osmotic pressure 
exhibited by 40 %, w/w sucrose was significantly higher than that of 10, 20 and 30 %, 
w/w sucrose (p < 0.05). The hypertonic environment surrounding the yeast cells 
would result in net movement of water molecules out of the cells through the semi-
permeable membrane by osmosis. This would in turn affect the metabolic activities 
and the ability of the cells to perform fermentation efficiently.  Osmotic stress was 
also found by other workers to inhibit nutrient uptake, protein synthesis as well as 
RNA and DNA synthesis (Reddy and Reddy, 2006). 
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Figure 37. Ethanol yields produced by (a) SCA and (b) TEY cells using malt extract 
broth without sucrose (▲) and with 10 %, w/w (●), 20 %, w/w (○), 30 %, w/w (■) 
and 40 %, w/w (□) sucrose. 
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Table 12. Osmolarity and pH of malt extract broth with different concentrations of 
sucrose. 
 
Sucrose concentration in 
malt extract broth (%, w/w) 
Osmolarity 
(mmol/kg) pH 
10 476.3 (± 3.79) 4.3 (± 0.05) 
20 883.3 (± 11.55) 4.3 (± 0.04) 
30 1240.0 (± 52.92) 4.3 (± 0.02) 
40 1590.0 (± 0.00) 4.3 (± 0.02) 
 
 
Furthermore, Yalçin and Özbas (2004) reported that high initial substrate 
concentration suppressed cell growth and enhanced the production of glycerol due to 
osmotic stress. Production of glycerol by-product during fermentation is highly 
undesirable in the production of bio-ethanol for bio-fuel applications. Glycerol is a 
non-competitive inhibitor to ethanol production, hence increase in glycerol production 
would reduce fermentation productivity (Converti et al., 1995). 
 
The maximum ethanol yields produced from 20 %, w/w sucrose were comparable to 
the ethanol yields obtained from 30 %, w/w sucrose (p > 0.05) for both the SCA and 
TEY cells. Stoichiometrically, one mole of sucrose produces four moles of ethanol. 
Thus, complete fermentation using 20 or 30 %, w/w sucrose in 300 g of fermentation 
medium should yield approximately 13.6 and 20.5 %, v/w of ethanol respectively. 
The ethanol yields obtained from 20 %, w/w sucrose using both the SCA and TEY 
cells were 8.0 and 11.8 %, v/w respectively, indicating that more than 58 and 86 % of 
the sucrose were converted into ethanol. In contrast, ethanol yields of approximately 
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9.5 and 12.6 %, v/w were produced from 30 %, w/w sucrose by SCA and TEY 
respectively, indicating that only approximately 46 and 61 % of the sucrose was used 
to produce ethanol. The results indicated that both the SCA and TEY cells were 
unable to produce more ethanol despite a higher amount of sucrose present, at 30 %, 
w/w sucrose. This might be attributed to the inhibitory effect of the accumulated 
metabolites and ethanol produced in the fermentation medium. The two types of yeast 
exhibited different fermentation efficiency and level of tolerance to the metabolites 
and ethanol. High ethanol concentrations affected the viability of yeast cells and 
repressed their ability to carry out fermentation (Ansanay-Galeota et al., 2001). 
 
Ethanol was also found to modify the plasma membrane fluidity and permeability, 
thus affecting glucose transport and fermentation rate of the yeast cells (Ansanay-
Galeota et al., 2001). In this study, 30 %, w/w sucrose was deemed optimal as it 
produced the highest ethanol yield. Although 20 %, w/w sucrose produced a 
comparable ethanol yield, 30 %, w/w sucrose was chosen as the use of a higher 
substrate concentration would minimise the possibility of substrate deficiency during 
fermentation processes. All the ethanol yields produced using different sucrose 
concentrations by TEY cells were higher than those by the SCA cells. From the 
results obtained, it could be deduced that the fermentation ability of the TEY cells was 
higher than that of the SCA cells. In contrast to SCA, TEY, a commercial yeast, is 
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C. Viability and fermentation efficiency of free yeast cells 
Figure 38 shows the viable counts for SCA and TEY cells during fermentation and the 
corresponding ethanol yields. Approximately 109 cells were introduced into 300 g 
malt extract broth containing 30 %, w/w sucrose. The SCA and TEY cells showed 
similar profiles in growth and fermentation. The viable counts of the yeast cells 
increased over time and reached the maximum before decreasing. Müller and Lösche 
(2004) reported that respiration and cell proliferation took place in the initial stage of 
fermentation. The anaerobic metabolism then gradually replaced the aerobic 
respiration. The viable count continued to increase gradually during fermentation. The 
viable count subsequently declined. However, the stationary phase of the growth 
curve was not observed. The viability of the yeast cells could have been reduced 
drastically by the accumulated ethanol in the fermentation medium, shortening the 
stationary phase duration. The stationary phase could have been very short before the 
viable count start to decrease. On the other hand, the ethanol concentration in the 
fermentation medium increased over time to reach maximum ethanol yield and 
levelled off thereafter. The viability of the yeast cells was reduced markedly after the 
maximum ethanol was attained. This suggested that the yeast cells were killed at high 
ethanol concentration due to the harmful effects of ethanol toxicity. 
 
The SCA cells achieved maximum growth after 7 days of fermentation (1016 cells) 
with ethanol yield of 6.8 %, v/w (Figure 38). The TEY cells achieved maximum 
growth (1015 cells, 5th day) faster and produced significantly higher maximum 
ethanol yield (12.6 %, v/w, 10th day) than the SCA cells (Figure 38). Despite the 
lower viable count of TEY cells, the ethanol yield produced was much higher, 
indicating that TEY had a higher fermentation ability than SCA.  
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The SCA cells took a shorter time to produce maximum ethanol yield, which was also 
much lower than that of the TEY cells (p < 0.05), indicating that SCA was more 
sensitive to ethanol. The viability of the cells which was affected by the ethanol 
produced, in turn affected the on-going fermentation process. The loss of viability of 
the SCA cells was significantly higher than the TEY cells. The viable counts of the 
SCA and TEY cells were reduced from approximately 109, to 105 and 108 cells 
respectively at the end of the fermentation process. The above observations could be 
attributed to differences in the metabolic behaviour of the two types of yeast. Yeast 
cells were reported to produce 3β-hydroxysterols during fermentation to protect 
themselves from the toxicity of the ethanol produced (Müller and Lösche, 2004). 
They were also found to synthesise sterols to produce steryl esters under anaerobic 
conditions for further cell proliferation during fermentation (Taylor and Park, 1978). 
Thus, it was likely that the SCA cells produced more steryl esters than the TEY cells, 
which accounted for the higher viable count of the SCA cells. The SCA cells also 
produced less 3β-hydroxysterols than the TEY cells, which accounted for the greater 
sensitivity of the SCA cells to ethanol. The latter affected the fermentation ability of 
the SCA cells because production of ethanol is dependent on the viability of the yeast 
cells. 
 
D. Fermentation efficiency of micro-bioreactors 
The fermentation performance of the micro-bioreactors produced was evaluated by 
determination of the quantity of ethanol produced in the fermentation batches. The 
fermentation efficiency of the micro-bioreactors was calculated as the percent ratio of 
ethanol produced between the micro-bioreactors and an equivalent amount of free (i.e. 
non-encapsulated) yeast cells. The ethanol yields of the free yeast cells and the micro-
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bioreactors were found to increase over time and then levelled off or decreased 
slightly (Figure 39). The ethanol production reached a stationary phase where nutrient 
deficiency, changes in environmental conditions and/or ethanol toxicity became 
inhibitory factors. Reduction in cell viability due to nutrient deficiency or toxic effects 
of cumulative metabolites is well-established (Desimone et al., 2002). The slight 
decrease in ethanol yield was probably due to oxidation of the ethanol to ethanoic acid 
or loss of ethanol by evaporation over a prolonged period of time (Herrero et al., 
2001). 
 
Figure 39 also shows that all the micro-bioreactors produced ethanol only after 3 days 
of fermentation. The lag phase was absent in the fermentation curve of free yeast 
cells. This phenomenon could be attributed to the stress induced on the yeast cells by 
the encapsulation process to produce the micro-bioreactors. As mentioned previously, 
the yeast cells subjected to a simulated emulsification process took a longer 
incubation time (3 days) to form colonies, indicating that the metabolism of the yeast 
cells was affected by the encapsulation process. Several studies had reported that the 
metabolic, physiological and morphological properties of the encapsulated yeast cells 
in alginate were significantly affected after the encapsulation process by extrusion 
(Talebnia and Taherzadeh, 2007; Hilge-Rotmann and Rehm, 1990). The growth rate 
and biomass yield of the yeast cells were reduced after the encapsulation process. The 
cellular composition of the encapsulated yeast was also reported to contain more 
structural polysaccharides and larger carbohydrate storage granules compared to free 
yeast cells. Production of protein and ribonucleic acids were also decreased. The 
changes observed were attributed to the disruption of the yeast cell cycle during the 
encapsulation process. 























































































































































Hindrance to the transfer of nutrients, ethanol and other metabolites due to the 
encapsulating material could also have contributed to the lag phase observed 
(Raymond et al., 2004). The time required for the nutrients to reach the yeast cells 
entrapped within the polymer matrix would be more prolonged, thus the fermentation 
rate would be repressed. 
 
The maximum ethanol yields of 9.5 and 12.8 %, v/w were produced by free SCA and 
TEY cells after approximately 7 and 5 days of fermentation respectively. On the other 
hand, the calcium alginate microspheres containing SCA (i.e. MA-SCA) and TEY 
(i.e. MA-TEY) produced maximum ethanol yields of 7.2 and 14.2 %, v/w after 14 and 
12 days respectively. The gellan gum microspheres containing SCA (i.e. GG-SCA) 
and TEY (i.e. GG-TEY) cells produced maximum ethanol yield of 5.0 and 11.5 %, 
v/w after 12 and 10 days of fermentation respectively. All the SCA micro-bioreactors, 
produced lower ethanol yields than the free SCA cells. On the other hand, the MA-
TEY and GG-TEY micro-bioreactors produced higher and comparable ethanol yields 
to free TEY cells respectively. All the micro-bioreactors also required longer 
fermentation time to produce the maximum ethanol yield. These phenomena were 
likely caused by impairment of mass transfer by the polymer matrix that surrounded 
the yeast cells. Therefore, the rate of ethanol production was reduced and longer 
fermentation time was required to reach the maximum ethanol yield.  
 
The ethanol yields of the micro-bioreactors were much lower than that of the 
maximum ethanol yields of the free SCA and TEY cells after 7 and 5 days of 
fermentation. The ethanol yield of free SCA cells (9.5 %, v/w) was significantly 
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higher than that of the MA-SCA (2.8 %, v/w) and GG-SCA (1.6 %, v/w) micro-
bioreactors after 7 days of fermentation (p < 0.05). Similarly, the TEY cells (12.4 %, 
v/w) also produced significantly higher ethanol yield than the MA-TEY (8.7 %, v/w) 
and the GG-TEY (4.9 %, v/w) micro-bioreactors after 5 days of fermentation (p < 
0.05). This showed that the fermentation efficiencies of the micro-bioreactors were 
lower than the free yeast cells.  
 
The encapsulated yeast cells within the micro-bioreactors were surrounded by the 
encapsulant matrix. Presence of the matrix barrier impaired the mass transfer of 
nutrients and metabolites into and out of the micro-bioreactors, affecting the 
metabolic activities of the cells. Hence, the growth and fermentation efficiency of the 
encapsulated cells would be reduced. The GG micro-bioreactors appeared to exhibit 
lower fermentation efficiency compared to the MA micro-bioreactors. This could be 
attributed to the different matrix structure of the polymers. In addition to the helical 
structure of the gellan gum, cross-linking with calcium increased aggregation between 
the helices. Aggregation of the gellan gum helices would reduce the porosity of the 
gellan gum matrix. Hence, the porosity of the aggregated helices gellan gum matrix 
could be lower compared to the ‘egg-box’ structure of the calcium alginate matrix. 
Less porous matrix would cause higher mass transfer restriction. 
 
D1. Stability of calcium alginate micro-bioreactors 
Irrespective of the type of yeast cells, the fermentation curves of the MA micro-
bioreactors were slightly different from those of the GG micro-bioreactors. The 
ethanol yield profile of the GG micro-bioreactors showed 3 phases, characterised by 
the initial lag phase, followed by the exponential phase and lastly, the stationary 
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phase. The MA micro-bioreactors exhibited similar ethanol yield profile during the 
first 3 phases. However, additional exponential phase was observed after the 
stationary phase, followed by another stationary phase (Figure 39). This seemed to 
suggest changes to the calcium alginate matrix after a certain duration of 
fermentation. The MA micro-bioreactors were retrieved at the end of the fermentation 
process for further investigation. When observed under the light microscope, most of 
the MA micro-bioreactors were found to have disintegrated, liberating the yeast cells 
into the fermentation medium (Figure 40a and b). 
 
The stability of calcium alginate was reported to decrease at pH less than 5 by 
hydrolysis of the glycosidic bonds under acidic conditions (Holme et al., 2003; Thu et 
al., 1996 ; Hjerde et al., 1994). The pH of the fermentation medium was reduced from 
4.6 to below 3.5 after 14 days of fermentation (Table 13). The decrease in pH was due 
to the carbon dioxide produced during fermentation as well as the ethanoic acid 
derived from the ethanol obtained. Based on the stability and ethanol yield profiles, 
the calcium alginate matrix was intact during the early stage of the fermentation 
process. The rate of ethanol production increased gradually after the lag phase to 
achieve maximum ethanol yield after approximately 7 days of fermentation for MA-
SCA and 10 days of fermentation for MA-TEY (Figure 39). The calcium alginate 
matrix started to disintegrate on prolonged exposure to the low pH conditions. This 
caused the encapsulated yeast cells to be liberated into the surrounding fermentation 
medium and performed fermentation akin to free yeast cells. The mass transfer of 
nutrients and metabolites of the liberated cells were no longer restricted by the 
calcium alginate matrix barrier causing the rate of ethanol production to increase 
again (Figure 39).  










Figure 40. Photographs of (a) MA-SCA and (b) MA-TEY micro-bioreactors after 14 
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Table 13. pH value of the media before and at the end of fermentation using free yeast 
cells, MA micro-bioreactors and GG micro-bioreactors. 
 
Fermentor pH value of fermentation medium 
Control (Before fermentation) 4.64 (± 0.02) 
Free SCA cells 3.40 (± 0.04) 
Free TEY cells 3.43 (± 0.02) 
MA-SCA micro-bioreactors 3.52 (± 0.06) 
MA-TEY micro-bioreactors 3.28 (± 0.06) 
GG-SCA micro-bioreactors 3.45 (± 0.03) 
GG-TEY micro-bioreactors 3.44 (± 0.04) 
 
 
However, the liberated yeast cells were not protected from the toxicity of the 
accumulated metabolites and ethanol. Thus, the viability of the yeast cells was 
affected by the adverse conditions in the fermentation medium after 14 days of 
fermentation, causing the rate of ethanol production to decrease and ceased thereafter 
(Figure 39). This explained the high ethanol yield observed for MA-TEY micro-
bioreactors after 14 days of fermentation. The stability of calcium alginate matrix will 
be further discussed in greater detail under Part 4. 
 
D2. Stability of gellan gum micro-bioreactors 
The fermentation efficiency of the GG micro-bioreactors was significantly lower than 
that of the MA micro-bioreactors (p < 0.05). At any time interval, the GG-SCA and 
GG-TEY produced lower ethanol yields than the corresponding MA-SCA and MA-
TEY micro-bioreactors (Figure 39). The higher ethanol yield for MA micro-
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bioreactors was partly attributed by the yeast cells liberated from the disintegrated 
calcium alginate matrix. Without the alginate matrix barrier, the nutrients and 
substrates were readily accessible to the liberated yeast cells, thus enabling higher 
ethanol yield before the cells experienced the harmful effects of ethanol. The higher 
maximum ethanol yield by MA micro-bioreactors might also be associated with other 
properties of the polymer used. It was reported that the metabolic activities of 
immobilised yeast cells were affected by the type and concentration of encapsulating 
polymer (Madigan et al., 2000; Roukas, 1996). The calcium alginate matrix is known 
to exhibit high porosity (Wang et al., 2009) and therefore less mass transfer restriction 
to the yeast cells encapsulated within the matrix. Wang et al. (2009) reported that the 
porosity of the alginate matrix was sufficient for proliferation of mammalian cells. 
The growth of yeast cells has been reported to be associated with the magnitude of the 
polymer matrix porosity (Kumakura et al., 1992). Polymer matrix with large pore size 
was desirable to promote the growth of encapsulated yeast cells, as well as, the mass 
transfer of nutrients and metabolites to achieve high ethanol yield (Inama et al., 1993; 
Kumakura et al., 1992). 
 
An appreciable number of free yeast cells was observed in the medium at the end of 
the fermentation process using the GG micro-bioreactors (Figure 41). This indicated 
that the gellan gum matrix was porous and some encapsulated yeast cells were able to 
free themselves from the matrix. Low concentration of gellan gum solution was used 
to allow encapsulation of yeast cells to be carried out at a low temperature of 40°C as 
mentioned previously. However, the use of a low concentration of gellan gum 
solution produced gellan gum matrix with relatively high porosity that enabled 
breakthrough of yeast cells from the gellan gum matrix.  










Figure 41. Photographs of (a) GG-SCA and (b) GG-TEY micro-bioreactors after 14 
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As observed in another study, the carbon dioxide released during fermentation by the 
encapsulated yeast cells might had also contributed to some deformation of the matrix 
and facilitate cell release into the fermentation medium (O’Neill et al., 1983). The 
encapsulated cells at the periphery of the microspheres had produced buds that 
detached themselves from the microspheres (Figure 42). Koyama and Seki (2004) 
reported that a high concentration of yeast cells below the surface of a polymer matrix 
would weaken the matrix, thereby enabling detachment of the yeast cells from the 
surface. Inama et al. (1993) reported that prolonged contact between entrapped yeast 
cells and sucrose led to cell proliferation and detachment of the yeast buds into the 
fermentation medium. Nevertheless, the GG micro-bioreactor structure remained 
intact and spherical at the end of the fermentation process despite the drop in pH value 
of the fermentation medium (Table 13), indicating that the gellan gum matrix was 
strong and stable. The ability of the gellan gum matrix to remain intact in the 
fermentation medium clearly indicated its usefulness as an encapsulant matrix for the 
production of stable micro-bioreactors that can be employed in continuous 
fermentation processes. 
 
At any time interval before 14 days, the ethanol yields by the free SCA cells were 
significantly higher than those of the MA-SCA and GG-SCA micro-bioreactors (p < 
0.05). The ethanol yield by TEY cells was also significantly higher than those of the 
MA-TEY and GG-TEY micro-bioreactors at any period before 7 days of fermentation 
(p < 0.05). The ethanol yields of the MA-TEY and GG-TEY micro-bioreactors 
increased to comparable amounts to that of the free TEY cells after 7 and 10 days 
respectively (p > 0.05) (Figure 39).  
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The free and encapsulated SCA cells produced significantly lower ethanol yields than 
the free and encapsulated TEY cells. The maximum ethanol yield produced by the 
encapsulated TEY cells was markedly higher than that by encapsulated SCA cells. 
These observations clearly showed that the TEY cells exhibited higher fermentation 
efficiency and tolerance to ethanol than the SCA cells. The ratios of ethanol yield 
between free TEY and free SCA cells, MA-TEY and MA-SCA, and between GG-
TEY and GG-SCA after 7 days of fermentation were 1.33, 3.99 and 6.04 respectively. 
This shows that encapsulated TEY cells showed increase in fermentation efficiency 
relative to the encapsulated SCA cells. The ratio of ethanol yield of GG micro-
bioreactors was higher than that of the MA micro-bioreactors. This suggested that the 
gellan gum matrix improved the fermentation efficiency of the TEY cells relative to 
the calcium alginate matrix. 
 
E. Viable counts of yeast cells liberated into the media during fermentation using 
GG-SCA and GG-TEY micro-bioreactors 
In a further investigation, fermentation was carried out using the relatively stable GG 
micro-bioreactors. The viable counts of free yeast cells in the fermentation media 
were determined after 5 and 12 days to assess the extent of cell breakthrough from the 
micro-bioreactors (Table 14). The viable cell count of the fermentation medium to 
which an equivalent amount of free yeast cells was added was similarly determined. 
The time intervals chosen corresponded to the time taken by the free yeast and the 
micro-bioreactors to achieve the maximum ethanol yields. The corresponding ethanol 
yields produced at the respective fermentation periods are also shown in Table 14. 
The viable count was determined based on the number of colony forming units. 
Hence, the budding yeast cells would be treated as a single colony on the agar plate.  




Table 14. Ethanol yields and corresponding viable counts of free yeast cells in 300 g 
fermentation media using non-encapsulated and gellan gum micro-bioreactors for 
fermentation respectively. 
 




Number of cells 




Free SCA cells 
(non-encapsulated) 
0 1.67 (± 0.73) × 107 7.22 0 
5 1.87 (± 0.11) × 1015 15.27 6.9 
12 4.09 (± 0.78) × 107 7.61 6.9 
Free TEY cells 
(non-encapsulated) 
0 1.30 (± 0.23) × 108 8.11 0 
5 5.51 (± 1.01) × 1013 13.74 12.4 




0 0 0 0 
5 4.30 (± 0.76) × 1010 10.63 0.7 




0 0 0 0 
5 7.52 (± 0.70) × 109 9.88 4.9 
12 6.91 (± 0.38) × 107 7.84 11.5 
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Therefore, the viable count would not necessary reflect the concise number yeast cells 
present.  
 
The viable count of the medium after 5 days of fermentation using free yeast cells 
increased markedly from 107 to 1015 cells for SCA and 108 to 1013 cells  for TEY, 
yielding 6.9 %, v/w and 12.4 %, v/w of ethanol respectively. The viable counts for 
both SCA and TEY then decreased markedly to 107 cells after 12 days but there were 
insignificant change in the ethanol yields (p > 0.05). The results showed that the yeast 
cells proliferated initially and produced ethanol. However, the build up in ethanol 
concentration in the fermentation medium eventually reduced the viability of the yeast 
cells besides inhibiting the production of ethanol. This aptly explained the lower 
viable count and levelling of the ethanol yield at the later stage of fermentation. The 
inhibitory ethanol concentration, which corresponded to the maximum ethanol yield, 
was 9.5 %, v/w for SCA and 12.8 %, v/w for TEY (Figure 39). 
 
The viable counts of liberated yeast cells in the media after 5 days of fermentation 
using the GG-SCA and GG-TEY micro-bioreactors were comparable (about 1010 and 
109 cells respectively) and significantly lower than the corresponding viable counts 
for the non-encapsulated yeast cells (about 1015 cells for SCA and 1013 cells for TEY 
after 5 days). Interestingly, the viable counts of the liberated yeast cells in the media 
after 5 days of fermentation using the GG-SCA and GG-TEY micro-bioreactors were 
significantly higher than the number of yeast cells used to produce the micro-
bioreactors (about 1010 versus about 107 cells for GG-SCA and about 109 versus about 
108 for GG-TEY). These results clearly showed breakthrough of yeast cells from the 
micro-bioreactors, followed by profound cell replication in the media. 
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However, the corresponding ethanol yields were relatively low (0.7 and 4.9 %, v/w 
respectively), which was in agreement with the earlier observation that the 
fermentation ability of the yeast was affected by the encapsulation process. After 12 
days, which corresponded to the time taken by the micro-bioreactors to attain 
maximum ethanol production, the viable counts had decreased while the ethanol 
yields had increased markedly. Both the viable counts of the liberated yeast cells in 
the fermentation media consisting of the micro-bioreactors were reduced to 
approximately 107 cells but the ethanol yields were increased to 4.7 %, v/w for GG-
SCA and 11.5 %, v/w for GG-TEY.  
 
The significance of ethanol toxicity was further illustrated by the relatively similar 
viable counts (about 107 cells) at ethanol yield of about 12 %, v/w for free TEY cells 
and GG-TEY micro-bioreactors after 12 days. The maximum concentration of ethanol 
produced by the free TEY cells was comparable to that produced by the GG-TEY 
(about 12 %, v/w), suggesting that the liberated yeast cells played a greater role in 
fermentation. The micro-bioreactors could also carry out fermentation but they 
appeared to play a more important role as a reservoir to generate free yeast cells into 
the media to carry out fermentation.  
 
On the other hand, the viable count for GG-SCA was reduced significantly after 12 
days despite the low ethanol concentration (4.7 %, v/w) observed (Table 14). This 
suggested that the growth and fermentation ability of the encapsulated SCA cells were 
affected by mass transfer restriction rather than ethanol toxicity. Earlier study had 
demonstrated that SCA cells exhibited lower fermentation efficiency and higher 
sensitivity compared to TEY cells. Hence, the mass transfer restriction caused by the 
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gellan gum matrix barrier exerted much more damage to the encapsulated SCA cells 
than the free TEY cells. The mass transfer restriction had markedly reduced the 
growth of the encapsulated cells, reducing the ability of the micro-bioreactors to 
generate viable cells into the fermentation media. The number of liberated yeast cells 
was insufficient for optimal ethanol production. 
 
F. Fermentation efficiency and viable count of yeast cells liberated into the 
medium during fermentation using double and triple doses of GG-TEY 
micro-bioreactors 
The effect of different loads of micro-bioreactors on fermentation efficiency was 
investigated in an attempt to elucidate the contribution of the liberated yeast cells and 
the micro-bioreactors to the production of ethanol. GG-TEY micro-bioreactors were 
used in this study as the latter was stable and exhibited high fermentation efficiency. 
The viable counts of free cells from the different dose sizes of micro-bioreactors 
increased, levelled off and decreased over time (Figure 43). The fermentation profiles 
of the different micro-bioreactor dose sizes were similar (Figures 39 and 43).  
 
Highest viable counts and ethanol yields were observed at about 10 and 11 days 
respectively regardless of the micro-bioreactor dose size. The viable count of liberated 
yeast cells from triple dose size of micro-bioreactors (1014 viable cells) was 
significantly higher than that from double dose size of micro-bioreactors (1013 viable 
cells) (p < 0.05). However, comparable ethanol yields were obtained despite the 
significant difference in viable counts (p > 0.05). The larger dose sizes, comprising 
double or triple doses of micro-bioreactors took 11 days to achieve maximum ethanol 
yields of both approximately 11 %, v/w (Figure 43).  
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The larger dose sizes of micro-bioreactors took 11 days, while the single dose of 
micro-bioreactors took 11 to 12 days to achieve maximum ethanol yield. The ethanol 
yields obtained were comparable (p > 0.05). At the maximum ethanol yield, the viable 
counts of liberated yeast cells for the double or triple dose (about 1012 viable cells) 
were higher than that for the single dose (107 viable cells). Increase in amount of 
micro-bioreactors resulted in more liberated cells due to cell breakthrough, which 
contributed to the slightly shorter time taken to produce the maximum ethanol 
concentration of 11 to 12 %, v/w.  
 
It was observed that the amount of liberated cells was not directly proportional with 
the micro-bioreactors dose size and the fermentation efficiency of the liberated yeast 
cells was affected by the concentration of ethanol produced in the fermentation 
medium (Table 14 and Figure 43). The micro-bioreactors of different batch sizes took 
about 4 days to yield 108 free yeast cells and another 7 days to achieve maximum 
ethanol yield. It was also observed that the ethanol yield increased with increase in 
viable count of liberated cells over time (Figure 43). Collectively, the results clearly 
showed that the liberated yeast cells played a greater role than the encapsulated yeast 
cells in the production of ethanol. The fermentation activity of the liberated yeast cells 
were later inhibited by the high ethanol concentration in the fermentation medium. 
Hence, the maximum ethanol yields did not increase beyond 12 %, v/w despite the 
increase in amount of micro-bioreactors used. Besides contributing to the production 
of ethanol, the micro-bioreactors played a greater role as a reservoir for generation of 
free yeast cells to carry out fermentation. 




FERMENTATION EFFICENCY OF NON-COATED AND SCAFFOLD-
COATED CALCIUM ALGINATE MICRO-BIOREACTORS 
A. Scale up production of calcium alginate micro-bioreactors 
The sodium alginate derived from Macrocystis Kelp (SA) had similar MG ratio (1.6) 
but higher kinematic viscosity (4 %, w/w ; 563.7 mm2s-1 at 30 °C) than Manucol LB  
(MA) (8 %, w/w ; 185.9 mm2s-1 at 30 °C). It was postulated that sodium alginate of a 
higher viscosity produced microspheres of higher stability. Thus, SA was employed to 
investigate the effects of scaffold-coating. Scale up production of calcium alginate 
microspheres was necessary to obtain sufficient microspheres for scaffold-coating by 
a spray drying process. Blank SA microspheres were successfully produced on a large 
scale using the emulsification method with slight modification (Figure 44a). Higher 
stirring speed was employed to produce very small microspheres (< 600 µm) to 
prevent clogging of the atomiser during spray drying. The modified emulsification 
method was then used to produce calcium alginate microspheres containing TEY cells 
(SA-TEY micro-bioreactors). The TEY cells were used in this study because it had 
demonstrated higher fermentation efficiency than the SCA cells in earlier studies. The 
TEY cells were successfully encapsulated in SA to form calcium alginate micro-
bioreactors (SA-TEY). Despite the opacity of the SA-TEY micro-bioreactors, the 
encapsulated yeast cells could be observed under the light microscope. Yeast cells 
were scattered within the SA microspheres and a trace number of free yeast cells were 
observed in the freshly harvested micro-bioreactors (Figure 44b). This might be 
attributed to the proportionally larger amount of yeast cells added in the scale up 
production of SA-TEY micro-bioreactors. The free yeast cells observed could be 
thinly coated with calcium alginate.  
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However, the thin coat of calcium alginate was indistinguishable microscopically. The 
physical characteristics of the SA microspheres with and without encapsulated yeast 
cells, such as size, shape and extent of aggregation, were assessed. Both the SA 
microspheres with and without encapsulated yeast cells produced were relatively 
discrete and spherical, with low degree of aggregation (< 4 %) and exhibited 
unimodal size distribution. The mean diameter of the blank SA microspheres and SA-
TEY micro-bioreactors was 17.9 and 16.7 µm respectively (Figure 45). The mean size 
exhibited by the SA-TEY micro-bioreactors was slightly smaller than that of the blank 
microspheres. Presence of calcium alginate coated individual yeast cells with 
relatively small diameter could have slightly reduced the mean diameter size of the 
micro-bioreactors. However, the difference in mean diameter sizes between the blank 
SA microspheres and the SA-TEY micro-bioreactors was not significant (p > 0.05). 
The largest size fraction of 52.1 % of the blank SA microspheres was within 10.0 to 
19.9 µm and 34.2 % of the SA-TEY micro-bioreactors were less than 10 µm. 
 
B. Scaffold-coating of calcium alginate micro-bioreactors 
Calcium alginate is known to be very susceptible to pH changes, especially to acidic 
conditions. It is unavoidable for the fermentation medium to turn acidic over time due 
to the accumulation of carbon dioxide released during the fermentation process. The 
studies carried out earlier had shown that calcium alginate micro-bioreactors (MA-
TEY and MA-SCA) were susceptible to degradation when the pH the fermentation 
medium gradually decreased to below 3.5. Hence, coating of the SA-TEY micro-
bioreactors was employed in an attempt to prevent the calcium alginate matrix from 
disintegration during fermentation.  
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Besides preventing direct contact with the acidic fermentation medium, the coat 
would also provide additional mechanical strength to the calcium alginate matrix. 
Scaffold-coating was preferred for coating of micro-bioreactors because it allowed 
thin coating around the microspheres to minimise hindrance to mass transfer. The 
scaffold coat was formed by atomising a polymeric dispersion containing the 
microspheres into a hot chamber where the solvent would be evaporated and the 
polymeric particles coalesce to form a thin layer around the microspheres.  
 
Six batches of microspheres were freshly prepared and combined to obtain sufficient 
microspheres for each coating operation using an aqueous dispersion of ethylcellulose 
(EC) and triethyl citrate (plasticiser). Macroscopically, the EC-coated SA 
microspheres and EC-coated SA-TEY micro-bioreactors (EC-TEY) were 
indistinguishable from the non-coated SA microspheres (Figures 44 and 46). The EC 
coat was not visible when observed under the microscope. Agglomerated EC particles 
were also found among the freshly collected EC-coated microspheres. These particles, 
which were devoid of microspheres, were probably produced from the EC rich 
dispersion used during the spray drying process due to some segregation. 
 
The effects of scaffold-coating on the size, shape and extent of aggregation of 
microspheres were investigated. Both the EC-coated microspheres, with and without 
encapsulated yeast cells, exhibited physical characteristics comparable to those of the 
corresponding non-coated SA microspheres (p > 0.05). They were relatively discrete 
and spherical, with very low degree of aggregation (< 2 %). The mean diameters of 
the EC-coated microspheres, with and without encapsulated yeast cells, were 17.7 and 
17.5 µm respectively (Figure 47).  
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 The physical characteristics of the SA microspheres and SA-TEY micro-bioreactors 
were not affected by the scaffold-coating. The size distribution of the EC-coated SA 
microspheres and EC- TEY micro-bioreactors were similar to the size distribution of 
the SA microspheres and SA-TEY micro-bioreactors respectively (Figures 45 and 
47). This indicates that the SA microspheres and the SA-TEY micro-bioreactors were 
only thinly coated with EC as the mean diameter of the microspheres and micro-
bioreactors had not significantly increased.  
 
C. Viability study of free yeast cells subjected to spray drying 
Viability study was carried out to investigate the effect of the spray drying process on 
the viability of the yeast cells. A yeast suspension of TEY cells containing 
approximately 1011 cells were subjected to the spray drying process using the 
conditions employed in scaffold-coating of the SA micro-bioreactors. The viability of 
yeast cells was reduced significantly from 1.64 (± 0.30) × 1011 cells to 4.55 (± 1.21) 
×102 cells after the spray drying process. This indicated that the viability of the yeast 
cells was drastically affected (p < 0.05) by the high temperature employed during the 
spray drying process. It is well established that high temperature will bring about 
denaturation of proteins and cause cell death (Madigan et al., 2000). However, the 
yeast cells encapsulated in the calcium alginate microspheres might be protected from 
the direct heat effect in the spray drying chamber by the matrix barrier. During 
scaffold-coating of micro-bioreactors, the exposure time of the micro-bioreactors to 
the high inlet temperature of 140 °C was very short. Moreover, loss of heat through 
evaporation would occur. Hence, the micro-bioreactors were exposed to temperature 
lower than 140 °C. Overall, a significant number of cells remained viable. Calcium 
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alginate matrix had been reported to be stable at temperatures of about 100 °C, neutral 
pH and without presence of phosphate and citrate buffers (McHugh, 1987). 
 
D. Fermentation efficiency of free yeast, non-coated and scaffold-coated calcium 
alginate micro-bioreactors 
The fermentation performance of the non-coated (SA-TEY) and EC-coated (EC-TEY) 
micro-bioreactors produced was evaluated by determination of the ethanol yield 
produced during fermentation. Free yeast cells were used as control to compare the 
fermentation efficiency of the micro-bioreactors. The ethanol yield of the micro-
bioreactors increased over time and then levelled off or decreased slightly (Figure 48). 
Compared to the fermentation curves exhibited by the MA-TEY and GG-TEY micro-
bioreactors in the earlier studies, the lag phase was not observed in the fermentation 
curve of the SA-TEY micro-bioreactors. The slight ethanol yield of 3.4 %, v/w 
observed after three days of fermentation might be attributed to the trace amount of 
free yeast cells and the thinly coated individual yeast cells found in the freshly 
harvested SA micro-bioreactors. The thin calcium alginate coat encapsulating the 
individual yeast cells would exert minimal hindrance to the mass transfer of nutrients 
and metabolites. The free yeast cells were able to recover from stress faster than the 
encapsulated yeast cells due to unrestricted mass transfer in the absence of the matrix 
barrier. Moreover, the absence of lag phase might also be associated with the high 
porosity of the calcium alginate matrix of the SA-TEY micro-bioreactors. The mass 
transfer of nutrients and metabolites for the calcium alginate micro-bioreactors was 
less impaired compared to gellan gum micro-bioreactors. Thus, the yeast cells 
encapsulated in the SA micro-bioreactors exhibited faster recovery from stress to 
proliferate and perform fermentation.  
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However, the MA-TEY micro-bioreactors exhibited a lag phase in fermentation. 
Although the matrix of the MA-TEY micro-bioreactors was porous, the mean 
diameter of the MA-TEY micro-bioreactors (78.0 µm) was much larger than that of 
the SA-TEY micro-bioreactors (16.7 µm). The difference in size was attributed to the 
difference in stirring speed employed in the encapsulation process. Hence, the surface 
area to volume ratio of MA-TEY micro-bioreactors was smaller than the SA-TEY 
micro-bioreactors. Large surface area to volume ratio allows nutrients and metabolites 
to diffuse across the matrix barrier more efficiently. Therefore, the mass transfer 
restriction of the MA-TEY micro-bioreactors was expected to be much higher than 
that of the SA-TEY micro-bioreactors. 
 
The fermentation curve of the EC-TEY micro-bioreactors clearly showed a lag phase. 
This indicated that the unencapsulated yeast cells introduced together with the SA-
TEY micro-bioreactors into the spray drying chamber might be killed by the high 
temperature employed during the scaffold-coating process. The high temperature 
employed in the spray drying process was previously demonstrated to reduce the 
viability of free yeast cells drastically. Similar to the GG-TEY micro-bioreactors, the 
encapsulated yeast cells were subjected to stress induced by the emulsification and 
spray drying processes. Thus, the cellular activities of the encapsulated yeast cells 
were affected. A combination of the above effects resulted in the lag phase (Figure 
48). However, the lag phase of the EC-TEY micro-bioreactors was not as distinct as 
those of the MA-TEY and GG-TEY micro-bioreactors. The ethanol yield obtained 
after three days of fermentation using the EC-TEY (1.4 %, v/w) was slightly higher 
than those of the MA-TEY (0.5 %, v/w) and GG-TEY (0.03 %, v/w) micro-
bioreactors (Figures 39 and 48). The smaller mean diameter of the EC-TEY (17.5 µm) 
Results and Discussion: Part Three 
152 
 
enabled more efficient mass transfer than the larger MA-TEY (78.0 µm) and GG-
TEY micro-bioreactors (36.7 µm). Moreover, the EC-coated individual yeast cells 
encapsulated by a thin coat of calcium alginate could have survived the harsh 
condition of spray drying and contributed to the higher ethanol yield observed. As 
mentioned earlier, the impairment of mass transfer could be negligible due to the thin 
EC and calcium alginate coat surrounding the individual yeast cells.  
 
The SA-TEY and EC-TEY micro-bioreactors possessed much lower fermentation 
efficiency than the free TEY cells (Figure 48). The maximum ethanol yields of the 
SA-TEY (9.9 %, v/w) and EC-TEY (6.3 %, v/w) were significantly lower than that of 
the free TEY cells (12.8 %, v/w) (p < 0.05). Similar to the MA-TEY and GG-TEY 
micro-bioreactors, the SA-TEY (12 days) and EC-TEY (10 days) micro-bioreactors 
also required longer fermentation time than the free TEY cells (5 days). As mentioned 
previously, the lower ethanol yield and longer fermentation time were due to impaired 
mass transfer of nutrients and metabolites. Furthermore, additional time was needed 
for the cells to be liberated from the micro-bioreactors into the fermentation medium 
for fermentation. As mentioned earlier, the liberated yeast cells played a greater role 
in ethanol production. 
 
The fermentation efficiency of the EC-TEY micro-bioreactors was further impaired 
by the presence of the EC coat surrounding the microspheres, producing significantly 
lower ethanol yield than the SA-TEY micro-bioreactors (p < 0.05). The maximum 
ethanol yield produced by the EC-TEY micro-bioreactors was only 63.6 % of the 
maximum ethanol yield produced by the SA-TEY micro-bioreactors. Moreover, the 
spray drying process also reduced the viability of the encapsulated yeast cells within 
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the EC-TEY micro-bioreactors. Reduction in cell viability within the micro-
bioreactors resulted in less liberated yeast cells which explains the lower fermentation 
efficiency. Breakthrough of yeast cells were found in both, the fermentation media 
using EC-TEY and SA-TEY micro-bioreactors respectively at the end of the 
fermentation process (Figure 49). The encapsulated yeast cells were able to break 
through the relatively porous calcium alginate matrix of the SA-TEY micro-
bioreactors. The additional EC coat only reduced the cell breakthrough to a small 
extent. The thin coat was probably damaged by the swelling of the calcium alginate 
matrix caused by water absorption from the surrounding fermentation medium into 
the micro-bioreactors. The freshly spray dried EC-TEY micro-bioreactors were 
devoid of water and the gradual water uptake facilitated the cracking of the EC coat, 
which in turn allowed the encapsulated yeast cells to breakthrough. Nevertheless, both 
the SA-TEY and EC-TEY micro-bioreactors remained intact and spherical at the end 
of the fermentation process despite the low pH (Table 15), indicating that the micro-
bioreactors were strong and stable. 
 
Table 15. pH value of the fermentation medium after 14 days of fermentation using 
SA-TEY and EC-TEY micro-bioreactors. 
 
Fermentor pH value of fermentation medium 
Control (Before fermentation) 4.64 (± 0.02) 
SA-TEY micro-bioreactors 3.39 (± 0.01) 













Figure 49. Photographs showing presence of free yeast cells in the fermentation 












REUSABILITY OF MICRO-BIOREACTORS 
A. Stability of calcium alginate and gellan gum matrix 
The micro-bioreactors should remain stable and intact throughout the fermentation 
process to provide continuous protection to the encapsulated yeast cells for efficient 
ethanol production. As the pH of the fermentation medium was found to decrease at 
the end of the fermentation process, the polymer matrix of the micro-bioreactors 
should be able to withstand the gradually decreasing pH condition. Micro-bioreactors 
with high stability could also be reused in subsequent fermentation processes. Hence, 
further study was carried out to investigate the stability of the calcium alginate and 
gellan gum matrices at different pH conditions.  
 
Polymeric beads were used in place of microspheres in the stability study. Beads were 
produced by extrusion using formulations equivalent to those for microspheres. The 
calcium alginate (MA and SA) beads produced were spherical with mean diameter of 
2.36 (± 0.063) and 2.52 (± 0.037) mm (Figure 50a and b). The shape of the gellan 
gum (GG) beads produced was elongated with mean diameter of 3.61 (± 0.090) mm 
respectively (Figure 50c). The mean diameter of the gellan gum beads was 
significantly larger than that of calcium alginate beads (p < 0.05). The contraction of 
the hydrogen bonding with water in the double helix gellan gum structure could be 
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The roundness of the beads produced from gellan gum (1.5 %, w/w) was significantly 
different from those of calcium alginate beads (8 %, w/w concentration) (p < 0.05). 
This clearly showed the existence of viscosity threshold value for polymer solutions 
to form spherical gel beads by extrusion. The low viscosity of the gellan gum solution 
employed resulted in the formation of elongated beads.  Low concentration of gellan 
gum was used to avoid congealation of the polymer solution in the syringe at 
temperature below 40 °C. It should be recalled that the low concentration of gellan 
gum was also employed in the encapsulation process to preserve the viability of the 
yeast cells. Ouwerx et al. (1998) reported that sufficient viscosity for entanglement of 
the polymer solution was necessary to maintain the integrity of the droplet when it 
touches the cross-linking solution. Sufficient viscosity and surface tension were 
required to overcome the impact and drag forces of the cross-linking solution to form 
spherical beads (Chan et al., 2009). 
 
The polymer beads showed different rates and extents of degradation in the test media 
of various pH conditions (Figure 51). All the beads, MA (97 %), SA (57 %) and GG 
(24 %) exhibited the highest percentage of weight loss at pH 3. The degree of 
degradation increased with decrease in pH. The calcium alginate beads showed 
greater extent of weight loss compared to the gellan gum beads. Both the SA and the 
MA alginates had similarly high mannuronate (M) : guluronate (G) ratio of 60 % : 40 
%. The high M alginates are very susceptible to acid-catalysed hydrolysis, and the 
significant weight loss observed was largely due to depolymerisation of the calcium 
alginate polymer (Holme et al., 2003). The greater extent of conversion of calcium 
alginate to alginic acid under more acidic condition also contributed to the significant 
weight loss.  
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The MA beads were more susceptible to degradation than the SA beads at all the 
conditions studied. The two grades of sodium alginate had comparable mannuronate : 
guluronate ratios but significantly different viscosities. The kinematic viscosity of SA 
(563.7 mm2s-1 at 4 %, w/w) was significantly higher than that of MA (185.9 mm2s-1 at 
8 %, w/w). Since MA exhibited a lower viscosity, it was expected to have a lower 
molecular weight than SA. Thus, the alginic acid converted from MA would have a 
lower molecular weight and higher solubility, which aptly explained the lower 
stability of the MA beads under acidic conditions.  
 
The MA beads could be collected at the end of the study despite significant weight 
loss. The size of the wet MA beads was not reduced significantly before drying to 
constant weight (Figure 52a). Hence, the MA beads could be collected at the end of 
the study. Similarly, the SA and GG beads only showed significant size reduction 
after drying at 40 °C (Figure 52b and c). This shows that the polymeric beads 
contained large amounts of water within the polymer matrices. Presence of water had 
played an important role in maintaining the macroscopic structure of the polymers. 
Agnihotri et al. (2006) reported that hydrophilic hydrogels required large amount of 
water for stabilisation of the 3-dimensional network.  
 
The GG beads were much more stable than the calcium alginate beads at all pH 
conditions (Figure 51). Gellan gum had been reported to be stable over a wide range 
of pH (Yuguchi et al., 2002). The stability of gellan gum was primarily attributed to 
the helical structure of the polymer, which can be cross-linked using calcium ions 
(Miyoshi et al., 1995). 
 












Figure 52. Photographs of freshly collected (left) and dried (right), (a) MA, (b) SA 
and (c) GG beads after 7 days at pH 3. 
1.0 mm 
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The weight loss of the polymer beads increased over time and then levelled off 
(Figure 51). The degradation rate of the polymer matrices reduced gradually and no 
further weight loss was observed after 3 days. Fundueanu et al. (1999) reported that 
partial substitution of the calcium ions with protons at pH 3 decreased 80 % of the 
calcium content in the calcium alginate matrix. The residual calcium ions remained 
cross-linked in the egg-box structure of the electronegative cavities of the guluronate 
blocks and stabilise the alginate matrix. Complete displacement of calcium ions from 
alginate matrices will occur at pH below 2. This would cause the gradual decrease in 
degradation rate of calcium alginate beads over time. The affinity of the gellan gum 
helices with calcium ions to form aggregates is stronger than the protons present in 
the test medium. Hence, the rate of displacement of the calcium ions with protons in 
gellan gum would be much lower compared to calcium alginate.  
 
Stability study of the non-coated calcium alginate (MA and SA), EC-coated calcium 
alginate (EC) and gellan gum (GG) microspheres were also carried out to investigate 
the integrity of the microspheres subjected to different pH conditions (pH 2 - 6). The 
results were in agreement with those obtained for the beads. The GG, SA and EC-
coated microspheres remained intact at all the pH conditions studied (Figure 53).  
 
Degradation of the MA microspheres was observed in all the pH conditions tested. 
Unlike SA microspheres, which remained intact regardless of the pH conditions 
studied, the MA microspheres were disintegrated even at very slight acidic condition 
(pH 6). The gentle stirring employed throughout the study could have caused damage 
to the MA microspheres.  
 




pH 2 pH 4 pH 6 
   
(a) 
   
(b) 
   
(c) 
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Figure 53. Photographs of blank (a) GG (b) MA, (c) SA and (d) EC-coated 
microspheres subjected to pH 2, 4 and 6. 
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Roca et al. (1996) reported that calcium alginate bio-particles produced from low 
viscosity alginates have relatively low mechanical strength. As mentioned earlier, the 
viscosity of MA was much lower than that of the SA. Hence, the MA microspheres 
would exhibit lower mechanical strength compared to SA microspheres. Furthermore, 
the MA with lower molecular weight would produce weaker calcium alginate matrix 
due to the lower guluronate content responsible for cross-linking with calcium.  
 
The results of the stability study explained the different fermentation efficiencies of 
the various micro-bioreactors. The micro-bioreactors produced from gellan gum 
exhibited higher fermentation efficiency than those produced from calcium alginate 
(Figure 54). The relatively more stable gellan gum provided better protection to the 
encapsulated yeast cells from the adverse acidic conditions of the fermentation 
medium. Despite the restriction of mass transfer caused by the presence of the gellan 
gum matrix, the GG micro-bioreactors were able to produce high ethanol yield. On 
the other hand, the smaller and more porous SA micro-bioreactors allowed better 
mass transfer but the ethanol yield was much lower than that of the GG micro-
bioreactors. The initial fermentation rate of the SA micro-bioreactors was higher than 
that of the GG micro-bioreactors because of the lower impairment of mass transfer by 
the calcium alginate matrix. However, the stability of calcium alginate matrix was 
compromised with the decrease in pH of the fermentation medium over time. The 
highly porous and less stable calcium alginate matrix could had exposed the 
encapsulated yeast cells to the adverse environment of the fermentation medium, 
reducing the viability and the fermentation efficiency of the yeast cells. The slow 
propagation of yeast cells within the calcium alginate matrix reduced the number of 
liberated yeast cells into the fermentation medium for efficient fermentation process. 
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Similar to the results obtained in the stability study, the acidic pH condition of the 
fermentation medium had resulted in the disintegration of the MA micro-bioreactors. 
Disintegration of the MA micro-bioreactors took place at the initial stages of 
fermentation. The gradual disintegration of the MA micro-bioreactors slowly liberated 
the encapsulated yeast cells into the fermentation medium. However, not all the 
encapsulated cells were liberated as some of the MA micro-bioreactors were not 
completely disintegrated. Both the liberated and encapsulated yeast cells would 
continue to carry out fermentation simultaneously. Most of the MA micro-bioreactors 
would be disintegrated at the end of the fermentation process and a high ethanol yield 
was obtained as the ethanol was mainly contributed by the liberated yeast cells due to 
the absence of mass transfer restriction. Unlike free yeast cells, the liberated yeast 
cells were partly protected by the calcium alginate matrix from the adverse 
environment. Hilge-Rotmann and Rehm (1991) reported that encapsulated yeast cells 
would exhibit higher ethanol tolerance compared to free yeast cells due to cellular 
physiological changes. Therefore, the ethanol toxicity threshold of the liberated yeast 
would be increased and the fermentation ability was not inhibited by the harmful 
effect 12 %, v/w ethanol. Hence, the ethanol yield produced using MA micro-
bioreactors was higher than that of the free yeast cells (Figure 54). Despite the 
disintegration of the calcium alginate matrix, the level of protection provided to the 
encapsulated yeast cells have enabled higher ethanol yield. The stability study showed 
that all the micro-bioreactors could potentially be re-used in subsequent fermentation 
processes except the MA micro-bioreactors. The MA microspheres were disintegrated 
and could not be recovered from the fermentation medium. 
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B. Reusability of free yeast cells 
The free yeast cells could be recovered at the end of the fermentation process for re-
use. Both the SCA and TEY cells were recovered from the fermentation media by 
centrifugation and re-used up to 10 fermentation cycles. The two types of yeast cells 
exhibited similar viability and fermentation profile (Figure 55). The viable count and 
fermentation efficiency of the yeast cells were reduced after each fermentation cycle. 
In another study, it was also found that the viability of the yeast cells was affected by 
their long exposure to ethanol during fermentation (Desimone et al., 2002). Roukas 
(1996) also reported that the fermentation efficiency of free yeast cells decreased 
significantly when re-used in several fermentation cycles. In addition, Ikegami et al. 
(1998) reported that aged yeast cells, after approximately fifteen budding cycles, 
showed inactivity in ethanol production. It is crucial to maintain a high concentration 
of active yeast cells in the fermentation medium to ensure an efficient and cost-
effective fermentation process. In the earlier studies, the yeast cells were found to 
proliferate within the micro-bioreactors during the fermentation process. Besides 
providing protection, the micro-bioreactors also served as a regenerating yeast 
reservoir. Therefore, the micro-bioreactors could be potentially re-used in batch 
fermentation as well as continuous fermentation. Furthermore, the micro-bioreactors 
could be easily recovered from the fermentation medium by filtration. On the other 
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C. Reusability of micro-bioreactors 
The micro-bioreactors could be recovered easily from the fermentation medium by 
filtration at the end of the fermentation process and introduced into a fresh 
fermentation medium. All the re-used micro-bioreactors exhibited similar 
fermentation profiles over fifteen fermentation cycles. However, the fermentation 
efficiency of the re-used micro-bioreactors was found to be dependent on the type of 
polymer used to encapsulate the yeast cells. 
 
C1. Reusability of yeast-gellan gum micro-bioreactors 
In the earlier studies, gellan gum had demonstrated high stability under acidic 
conditions. The gellan gum micro-bioreactors (GG-SCA and GG-TEY) also showed 
high fermentation efficiency and remained intact at the end of fermentation. Hence, 
further studies were carried to investigate the reusability of the gellan gum micro-
bioreactors. 
 
C1.1 Fermentation efficiency of re-used gellan gum micro-bioreactors 
The fermentation curves of the first and second fermentation cycle using gellan gum 
micro-bioreactors were compared and found to be different (Figure 56). The lag phase 
present in the first fermentation cycle was not observed in the second fermentation 
cycle. The absence of the lag phase indicated that the encapsulated yeast cells were 
indeed affected by the stress induced during the encapsulation process, suppressing 
the cellular activity of the yeast cells as mentioned earlier. Over time, the 
encapsulated yeast cells convalesced from the stress and were able to perform 
fermentation more efficiently.  
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However, similar to the first fermentation cycle, the GG-SCA and GG-TEY micro-
bioreactors required 12 days of fermentation to attain the maximum ethanol yield of 
4.4 %, v/w and 12.0 %, v/w respectively. The maximum ethanol yields of both the 
micro-bioreactors in the second fermentation cycle were comparable to those in the 
first fermentation cycle (p > 0.05). It could be inferred that the longer fermentation 
time required by the micro-bioreactors was largely attributed to the presence of the 
gellan gum matrix barrier restricting the mass transfer of nutrients and metabolites, 
thereby affecting the propagation and performance of the encapsulated yeast cells. As 
mentioned earlier, impairment of mass transfer repressed the growth and proliferation 
of the encapsulated yeast cells. Hence, additional time was required for the number of 
liberated yeast cells to build up for efficient fermentation.  
 
Studies also showed that the GG-SCA and GG-TEY micro-bioreactors could be easily 
recovered by filtration and re-used up to fifteen fermentation cycles with high 
fermentation efficiency. Compared to the free yeast cells, the gellan gum micro-
bioreactors were able to perform fermentation efficiently when re-used in subsequent 
fermentation processes. The fermentation performance of the gellan gum micro-
bioreactors improved with each fermentation cycle (Figure 57). The fermentation 
efficiency of the gellan gum micro-bioreactors in each fermentation cycle was 
compared with the maximum ethanol yield produced by free yeast cells in the first 
fermentation cycle.  
 
The ethanol yields of the initial four fermentation cycles for GG-SCA micro-
bioreactors produced only approximately 4 %, v/w ethanol, which was significantly 
lower than that of the free SCA cells (9.5 %, v/w) (p < 0.05).  


















































































































Results and Discussion: Part Four 
172 
 
The ethanol yields in the initial four cycles were less than half the amount of ethanol 
produced by the free SCA cells. As mentioned earlier, the SCA cells were very 
sensitive and susceptible to cell damage, thus the cellular activities of the 
encapsulated SCA cells were severely affected by the encapsulation process. 
Furthermore, the gellan gum matrix barrier hindered efficient mass transfer of the 
micro-bioreactors. However, the ethanol yield of the GG-SCA increased in the fifth 
and sixth cycles, levelling off at 10 %, v/w, which was comparable to the ethanol 
yield of free SCA cells (p > 0.05) (Figure 57). The ethanol yield then decreased again 
in the twelfth cycle and levelled off at approximately 9 %, v/w (Figure 57). Despite 
the decrease, the ethanol yields were still comparable to that of the free SCA cells (p 
> 0.05). 
 
 On the other hand, the ethanol yield of the first fermentation cycle using GG-TEY 
micro-bioreactors was 11.5 %, v/w, which was comparable to that of the free TEY 
cells (12.8 %, v/w) (p > 0.05). Jamai et al. (2001) and Roukas (1996) obtained similar 
results in their studies where the encapsulated and free yeast cells produced 
comparable ethanol yields in the initial fermentation process. From the results, it 
could be inferred that the TEY cells exhibited better survival rate than the SCA cells 
after the encapsulation process. Unlike the GG-SCA micro-bioreactors, the ethanol 
yields of the GG-TEY micro-bioreactors gradually increased after the first 
fermentation cycle to reach the maximum of 16.4 %, v/w in the sixth fermentation 
cycle, which was significantly higher than that of the free TEY cells (p < 0.05). The 
ethanol yield then decreased and levelled off at approximately 10 %, v/w by the 
thirteenth fermentation cycle (Figure 57). 
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As discussed previously, the contribution of the liberated yeast cells to the production 
of ethanol was relatively constant. However, gradual increase in ethanol yields was 
observed for both the GG-SCA and GG-TEY micro-bioreactors up to the sixth 
fermentation cycle. It could therefore be inferred that the contribution of the 
encapsulated yeast cells to ethanol production increased over time. This could be 
attributed to the increase in yeast cell density within the micro-bioreactors (Mei and 
Yao, 2002; Yu et al., 1996; Scott and O’Reilly, 1996; Boyer et al., 1992). The results 
indicated that the gellan gum matrix was sufficiently porous and allowed yeast 
budding to take place. Due to degradation, the gellan gum matrix became sufficiently 
porous and enabled more efficient mass transfer, thereby enhancing yeast budding and 
fermentation to take place.  
 
Melzoch et al., (1994) reported that the encapsulated yeast cells exhibited a higher 
percentage of cell survival than the free yeast cells during fermentation to produce 
ethanol. Desimone et al. (2002) reported that the cumulative amount of ethanol 
produced during fermentation caused physiological changes to the free yeast cells and 
inactivation of enzymes, which retarded the growth of the organisms. Hence, the 
possibility of yeast budding implied that the gellan gum matrix was able to 
sufficiently protect the encapsulated yeast cells from the growth inhibitory effects of 
environmental stress and ethanol. Due to concentration gradient, the ethanol produced 
by the encapsulated yeast cells would diffuse out of the micro-bioreactors into the 
fermentation medium. Moreover, contact between the ethanol in the fermentation 
medium and the encapsulated yeast would be obstructed to a certain extent by the 
gellan gum matrix that surrounded the cells. This was observed in a study by Pátková 
et al. (2000), whereby the calcium-alginate gel matrix protected the entrapped yeast 
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cells from alcohol and osmotic stress during fermentation. It should be reminded that 
this would similarly affect the accessibility of nutrients to the cells. The existence of 
the sucrose gradient between the micro-environment of the micro-bioreactors and the 
external fermentation medium facilitated the diffusion of sucrose across the polymer 
matrix to the encapsulated yeast cells (Pátková et al., 2000). Hence, the ethanol yield 
would be determined by the intricate balance between the aforementioned effects.   
 
Furthermore, Hilge-Rotmann and Rehm (1991) suggested that the change in cellular 
composition of the encapsulated yeast cells enhanced the ethanol tolerance. 
Significant increase in saturated fatty acids produced by the encapsulated yeast was 
postulated to give a protective function to the cells from ethanol toxicity. Roukas 
(1996) reported that the different composition of macromolecules such as proteins, 
lipids, DNAs and RNAs of the encapsulated yeast cells preserved the enzymatic 
activities required for efficient fermentation. High concentration of ethanol 
(approximately 12 %, v/w) in the fermentation medium was demonstrated to be 
detrimental to the free TEY cells, which in turn affected the fermentation efficiency as 
indicated in the earlier studies. The viability of the free TEY cells and the liberated 
yeast cells from the GG-TEY micro-bioreactors were markedly reduced when 
approximately 12 %, v/w ethanol was produced in the fermentation media. The 
ethanol yields produced in the fourth (14.5 %, v/w), fifth (16.2 %, v/w) and sixth 
(16.4 %, v/w) cycles using GG-TEY micro-bioreactors were significantly higher than 
the expected ethanol tolerance level for the free TEY cells (12.8 %, v/w) (Figure 57). 
This indicated that the ethanol tolerance of the encapsulated TEY cells was indeed 
enhanced as reported by Hilge-Rotmann and Rehm (1991).  
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Abbott and Ingledew (2004) and Krish and Szajáni (1997) also reported that 
accumulation of ethanoic acid in the fermentation media inhibited the production of 
ethanol. Decrease in pH increased as the concentrations of undissociated acids, which 
could permeate through to the yeast cell membrane, and increase the intra-cellular 
acid concentration. Substantial accumulation of acids in the cytoplasm was 
detrimental to the yeast cells. High ethanoic acid concentration was also found to alter 
the functional properties of enzymes essential for glycolysis (Krish and Szajáni, 
1997). Thus the yeast cells encapsulated in the micro-bioreactors were also protected 
from the inhibitory effect of the acidic environment that developed as fermentation 
process progressed. 
 
A decrease in fermentation performance was observed after the twelfth and sixth 
fermentation cycles using GG-SCA and GG-TEY micro-bioreactors respectively 
(Figure 57). The decrease might be associated with the weakening of the gellan gum 
matrix, which would compromise its protective function. There was also a possibility 
that the cell density within the micro-bioreactors had increased to such a high level 
that it hindered the mass transfer of nutrients and metabolites. The sucrose might be 
used up by the numerically higher encapsulated yeast cells located at the periphery of 
the microspheres, depriving the yeast cells in the core of the microspheres of sucrose 
needed for fermentation (Roca et al., 1996). Pátková et al. (2000) and Melzoch et al. 
(1994) also reported that the limited space within the gel matrix would restrict the 
growth of the encapsulated yeast cells. Hence, the limited growth might also had 
contributed to the decline in fermentation efficiency. Despite the decrease, the ethanol 
yields produced by the GG-TEY micro-bioreactors from the seventh (14.1 %, v/w) to 
the eleventh (11.8 %, v/w) cycles were still comparable to that of the free TEY cells 
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(p > 0.05). However, the subsequent ethanol yields after the eleventh cycle were 
significantly lower than that of the free TEY cells (p < 0.05). Thus, the GG-TEY 
micro-bioreactors could be re-used up to eleven fermentation cycles with comparable 
if not better yields than the free TEY cells.  
 
The fermentation performance of the GG-TEY micro-bioreactors was by far more 
efficient than the GG-SCA micro-bioreactors (Figure 57). The ethanol yield of the 
GG-TEY micro-bioreactors was almost three times the ethanol yield of GG-SCA in 
the initial fermentation cycles. Despite the subsequent increase in ethanol yields by 
the GG-SCA micro-bioreactors, the GG-TEY micro-bioreactors still produced higher 
ethanol yields. This might be attributed to the nature of the two different types of 
yeast strain used to produce the micro-bioreactors. As mentioned earlier, the different 
yeast strain exhibited different fermentation capabilities and ethanol tolerance. In this 
study, the commercial TEY cells showed significantly higher fermentation efficiency.  
 
C1.2. Stability of re-used gellan gum micro-bioreactors 
The appearance of the gellan gum micro-bioreactors after a number of fermentation 
cycles is shown in Figures 58 and 59. Both the GG-SCA and GG-TEY micro-
bioreactors remained intact and spherical even after fifteen fermentation cycles, 
indicating that the gellan gum matrix was strong and relatively stable in the 
fermentation medium. The integrity of the micro-bioreactors was not affected by the 
acidic condition caused by the accumulation of ethanoic acids and carbon dioxide 
during fermentation.  
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    (a) 2nd fermentation cycle     (b) 4th fermentation cycle 
  
    (c) 6th fermentation cycle     (d) 8th fermentation cycle 
  
    (e) 10th fermentation cycle     (f) 12th fermentation cycle 
  
    (g) 14th fermentation cycle     (h) 15th fermentation cycle 
  
 
Figure 58. Photographs of re-used GG-SCA micro-bioreactors after (a) second, (b) 
fourth, (c) sixth, (d) eighth, (e) tenth, (f) twelfth, (g) fourteenth and (h) fifteenth 
fermentation cycles. 
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(a) 2nd fermentation cycle     (b) 4th fermentation cycle 
  
    (c) 6th fermentation cycle     (d) 8th fermentation cycle 
  
    (e) 10th fermentation cycle     (f) 12th fermentation cycle 
  
    (g) 14th fermentation cycle     (h) 15th fermentation cycle 
  
 
Figure 59. Photographs of re-used GG-TEY micro-bioreactors after (a) second, (b) 
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The high mechanical strength of the gellan gum micro-bioreactors could be attributed 
to the strong aggregated helix structures of the calcium cross-linked gellan gum. 
Unlike calcium alginate, gellan gum forms acid- and heat-resistant gels which are 
advantageous for fermentation. This is most beneficial for production of bio-ethanol 
from lignocellulosics that involves pre-treatment of raw materials. The latter is 
subjected to acid hydrolysis at high temperature before fermentation by yeast cells to 
produce ethanol (Foyle et al., 2007).  
 
Free yeast cells were detected in the fermentation medium indicating breakthrough of 
yeast cells from the gellan gum matrix (Figures 58 and 59). Presence of both, discrete 
and flocculated yeast cells were observed at the end of the fermentation process. 
Soares and Seynaeve (2000) reported that flocculation of yeast cells was induced by 
depletion of substrates and change in the pH of the fermentation medium. Yeast 
flocculation occurred when the pH of the fermentation medium was reduced. The pH 
values of the fermentation media in all the fermentation cycles were approximately 
3.5, therefore flocculation of yeast cells was observed in the fermentation medium. 
 
C2. Reusability of non-coated and scaffold-coated calcium alginate micro-
bioreactors 
Calcium alginate is generally susceptible to degradation at low pH conditions. 
However, earlier studies showed that the SA-TEY and EC-TEY remained reasonably 
stable throughout the fermentation process despite the decrease in pH during 
fermentation. Hence, further studies were carried out to investigate the reusability of 
the non-coated and EC-coated calcium alginate micro-bioreactors in fermentation 
processes.  
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C2.1. Fermentation efficiency of re-used non-coated and scaffold-coated calcium 
alginate micro-bioreactors 
The present study showed that the SA-TEY and EC-TEY micro-bioreactors could be 
easily recovered by filtration and re-used up to fifteen fermentation cycles (Figure 
60). The fermentation efficiency of the micro-bioreactors was compared with the 
maximum ethanol yield produced by free TEY cells in the first fermentation cycle.  
 
The ethanol yields of the first five fermentation cycles using non-coated micro-
bioreactors (SA-TEY) were significantly lower than that of the free TEY cells (12.8 
%, v/w) (p < 0.05). However, the ethanol yields of the subsequent fermentation cycles 
increased up to a maximum of 12.3 %, v/w in the eighth fermentation cycle and the 
ethanol yields were comparable to that of the free TEY cells (p > 0.05) (Figure 60). 
The ethanol yields decreased thereafter to approximately 10 %, v/w in the fifteenth 
cycle. Despite the decrease, the ethanol yields produced from the ninth to the twelfth 
cycle were still comparable to that of the free TEY cells (p > 0.05).  
 
Similarly, the ethanol yields of the EC-coated micro-bioreactors (EC-TEY) also 
increased in the first eight fermentation cycles (Figure 60). The ethanol yields then 
decreased and levelled off at approximately 10 %, v/w. The ethanol yields of the EC-
TEY micro-bioreactors produced in all the fermentation cycles were found to be 
significantly lower than that of the free TEY cells except the eighth cycle (p < 0.05). 
The ethanol yield produced in the eighth cycle was the highest (11.7 %, v/w) and was 
comparable to that of the free TEY cells (12.8 %, v/w) (p > 0.05). 
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The gradual increase in ethanol production in the first eight cycles of fermentation 
using both the SA-TEY and EC-TEY micro-bioreactors could be attributed to the 
increase in cell density within the micro-bioreactors as discussed earlier. This 
indicated that the high porosity of the calcium alginate matrix allowed growth of the 
encapsulated yeast cells. The calcium alginate matrix was also able to protect the 
encapsulated yeast cells from the inhibitory effects of ethanol toxicity and the adverse 
acidic environment. Similar to the gellan gum micro-bioreactors, the gradual decrease 
in ethanol yields after the eighth cycle might be due to the weakening of the calcium 
alginate matrix, which compromised its protective function. The repeated use of the 
calcium alginate micro-bioreactors and exposure to low pH conditions during 
fermentation induced gradual disintegration of the calcium alginate matrix over time. 
Similarly, the damaged EC coat of the EC-TEY micro-bioreactors had allowed the 
calcium alginate matrix to be exposed to the surrounding adverse environment 
conditions. Moreover, the high cell density within the micro-bioreactors also hindered 
efficient mass transfer of nutrients and metabolites to the encapsulated yeast cells 
within the core of the micro-bioreactors. 
 
The overall fermentation efficiency of the EC-TEY micro-bioreactors was lower than 
that of the SA-TEY micro-bioreactors. The ethanol yields produced using EC-TEY 
micro-bioreactors were significantly lower than the ethanol yields of the SA-TEY 
micro-bioreactors in the first five fermentation cycles (p < 0.05). However, the 
ethanol yields increased in the subsequent fermentation cycles and the ethanol yields 
produced were comparable to that of the SA-TEY micro-bioreactors thereafter (p > 
0.05). Similar to SA-TEY micro-bioreactors, the ethanol yields of the EC-TEY micro-
bioreactors decreased after the eighth cycle to approximately 10 %, v/w in the 
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fifteenth fermentation cycle. The overall lower ethanol yields were attributed to the 
scaffold-coating process discussed in the earlier section. The viability of the 
encapsulated yeast cells was affected significantly by the spray drying process used 
for scaffold-coating of the micro-bioreactors. Moreover, the EC coat also hindered 
efficient mass transfer of nutrients and metabolites. However, the gradual increase in 
ethanol yield observed suggested that the encapsulated yeast cells within the EC-TEY 
micro-bioreactors had proliferated and increased the cell density of the micro-
bioreactors. Despite the increase in ethanol yields, the fermentation efficiency of the 
EC-TEY micro-bioreactors was still slightly lower than that of the SA-TEY micro-
bioreactors (Figure 60). The high temperature employed during spray drying did not 
only reduce the viability of the encapsulated yeast cells but also weakened the 
calcium alginate matrix. Calcium alginate is very susceptible to heat and the spray 
drying process might have accelerated the degradation of the calcium alginate matrix 
(Holme et al., 2003; Thu et al., 1996; Bradley and Mitchell, 1988). Thus, the 
protective function of the polymer matrix of the EC-TEY micro-bioreactors was 
reduced and affected the fermentation efficiency the encapsulated cells when the EC 
coat ruptured. The results indicated that scaffold-coating of the micro-bioreactors with 
EC was unable to show advantage over maintaining the stability of the micro-
bioreactors and thus, failed to enhance their fermentation efficiency. 
 
Both the re-used SA-TEY and EC-TEY micro-bioreactors produced the highest 
ethanol yields in the eighth fermentation cycles (Figure 60). The fermentation 
efficiency of these micro-bioreactors in the eighth cycle was further analysed. The 
fermentation time required for the re-used micro-bioreactors to achieve maximum 
ethanol yield was reduced from 12 days in the first cycle to approximately 10 days for 
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SA-TEY micro-bioreactors and 10 days in the first cycle to approximately 7 days for 
EC-coated micro-bioreactors. The slight lag phase observed in the fermentation curve 
of the fresh micro-bioreactors was absent in the fermentation curve of the re-used EC-
TEY micro-bioreactors (Figure 61). As mentioned earlier in the fermentation studies 
using gellan gum micro-bioreactors, the encapsulated yeast cells convalesced from the 
stress induced during the encapsulation process. The shorter fermentation time to 
achieve higher ethanol yields clearly showed the higher efficiency of the micro-
bioreactors. The latter could be attributed to several factors, as previously discussed. 
 
C2.2. Stability of re-used non-coated and scaffold-coated calcium alginate micro-
bioreactors 
Both the SA-TEY and the EC-TEY micro-bioreactors remained intact and spherical 
after fifteen cycles of fermentation (Figures 62 and 63). This indicates that the micro-
bioreactors were sufficiently strong and stable in the fermentation medium. 
Breakthrough of yeast cells was observed for the non-coated, as well as the scaffold-
coated micro-bioreactors. As mentioned earlier, the relatively porous calcium alginate 
micro-bioreactors allowed breakthrough of the yeast cells. The EC coat was unable to 
prevent cell breakthrough as the coat ruptured significantly during fermentation. 
Large cracks appeared on the re-used SA-TEY micro-bioreactors after the twelfth 
fermentation cycle, indicating that the calcium alginate matrix had weakened 
drastically (Figure 62f-h). Some of the SA-TEY micro-bioreactors also appeared to 
have disintegrated after the fourteenth fermentation cycle (Figure 62g-h). The results 
confirmed that the gradual decrease in ethanol yield after the eighth fermentation 
cycle was associated with the weakening of the calcium alginate matrices. The 
protective function of the matrix was thus compromised. 
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(a) 2nd fermentation cycle          (b) 4th fermentation cycle 
 
(c) 6th fermentation cycle          (d) 8th fermentation cycle 
 
(e) 10th fermentation cycle          (f) 12th fermentation cycle 
 
(g) 14th fermentation cycle          (h) 15th fermentation cycle 
 
 
Figure 62. Photographs of re-used SA-TEY micro-bioreactors after (a) second, (b) 
fourth, (c) sixth, (d) eighth, (e) tenth, (f) twelfth, (g) fourteenth and (h) fifteenth 
fermentation cycles. 
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(a) 2nd fermentation cycle          (b) 4th fermentation cycle 
 
(c) 6th fermentation cycle          (d) 8th fermentation cycle 
 
(e) 10th fermentation cycle          (f) 12th fermentation cycle 
 
(g) 14th fermentation cycle          (h) 15th fermentation cycle 
 
 
Figure 63. Photographs of re-used EC-TEY micro-bioreactors after (a) second, (b) 
fourth, (c) sixth, (d) eighth, (e) tenth, (f) twelfth, (g) fourteenth and (h) fifteenth 
fermentation cycles. 
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The encapsulated yeast cells were consequently liberated into the fermentation 
medium where their viability, growth and fermentation efficiency would be affected. 
Similarly, rupture of the EC coat and weakening of underlying calcium alginate 
matrix were also observed on the EC-TEY micro-bioreactors in the tenth fermentation 
cycle (Figure 63e). At the twelfth fermentation cycle, considerable number of EC-
TEY micro-bioreactors had disintegrated (Figure 63f-h). As mentioned earlier, the 
EC-TEY micro-bioreactors were produced by spray drying the SA-TEY micro-
bioreactors in an ethylcellulose dispersion. Hence, spray drying of calcium alginate 
microspheres reduced the strength of the calcium alginate matrix. Consequently, the 
reusability and fermentation efficiency of the EC-coated calcium alginate micro-
bioreactors were also reduced. 
 
C2.3. Viable count of free yeast cells in the fermentation medium using non-
coated and scaffold-coated calcium alginate micro-bioreactors for 
fermentation 
The viable counts of free yeast cells in the fermentation medium employing SA-TEY 
and EC-TEY micro-bioreactors respectively for fermentation (eighth fermentation 
cycle) was determined after 5 and 12 days to assess the extent of cell breakthroughs 
from the micro-bioreactors. The viable cell count of the fermentation medium to 
which an equivalent amount of TEY cells was added for fermentation was also 
determined at the stated time intervals. The time intervals chosen corresponded to the 
maximum ethanol yields of the free yeast and micro-bioreactors. The viable counts 
obtained and the corresponding ethanol yields are shown in Table 16.  
 
 




TABLE 16. Viable counts of free yeast cells in 300 g of fermentation media and the 
corresponding ethanol yields obtained in fermentation using free TEY cells, SA-TEY 
and EC-TEY micro-bioreactors. 
 










Free TEY cells 
0 1.30 (± 0.23) × 108 8.11 0 
5 5.51 (± 1.01) × 1013  13.74 12.4 
12 5.01 (± 2.10) × 107  7.70 12.8 
SA-TEY  
micro-bioreactors 
5 5.04 (± 1.42) × 1010  10.70 8.8 
12 7.16 (± 1.23) × 109  9.85 12.3 
EC-TEY  
micro-bioreactors 
5 4.46 (± 0.70) × 1010  10.65 9.5 
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The viable counts (108 to 1013 cells) and ethanol yield (12.8 %, v/w) of the free TEY 
cells increased in the first 5 days of fermentation. The growth and ethanol production 
were inhibited thereafter due to the harmful effect of prolonged exposure to high 
ethanol concentration (approximately 12 %, v/w) (Table 16). On the other hand, 
approximately 1010 liberated yeast cells were found in both the fermentation media 
containing the SA-TEY and EC-TEY micro-bioreactors after 5 days of fermentation 
and the viable counts decreased to 109 after 12 days (Table 16). The ethanol yields for 
the SA-TEY (8.8 %, v/w) and EC-TEY (9.5 %, v/w) micro-bioreactors were low after 
5 days of fermentation but increased markedly to 12.3 %, v/w and 11.7 %, v/w 
respectively after 12 days of fermentation. The viable counts of free yeast cells in the 
fermentation media for both the SA-TEY and EC-TEY micro-bioreactors after 5 days 
were about 1010 cells, which were higher than the initial cell loads of the micro-
bioreactors. It could be inferred that significant cell breakthrough from the micro-
bioreactors had occurred, followed by cell replication in the media. However, the 
corresponding ethanol yields were relatively low (approximately 9 %, v/w).  
 
As mentioned in the earlier section, presence of the calcium alginate matrix had 
prolonged the fermentation time to achieve maximum ethanol yield. The number of 
viable liberated yeast cells in the fermentation medium was also insufficient for 
efficient fermentation to be carried out. Hence, the ethanol yields of the micro-
bioreactors were significantly lower than that of the free TEY cells after 5 days of 
fermentation. Furthermore, the viable counts of liberated yeast cells in the 
fermentation medium for the micro-bioreactors (1010 cells) were significantly lower 
than that of the free TEY cells (1013 cells). The higher free TEY cells viable count 
was also accountable for the higher ethanol yield observed. 
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The ethanol yield produced by SA-TEY and EC-TEY micro-bioreactors increased to 
a comparable amount to that of free TEY cells after 12 days of fermentation (p > 
0.05) (Table 16). The similar viable counts of liberated cells after 5 and 12 days of 
fermentation from the non-coated (SA-TEY) and EC-coated micro-bioreactors 
showed that the EC coat was unable to reduce cell breakthrough (Table 14). The 
viable counts of liberated yeast cells from the micro-bioreactors (109 cells) after 12 
days were higher than that of the free TEY cells (107 cells). As discussed earlier, the 
encapsulated cells would exhibit higher tolerance ethanol toxicity. Hence, the harmful 
effect of ethanol could have inhibited the fermentation performance of the liberated 
cells but the viability of the cells was not significantly affected. Krish and Szajáni 
(1997) reported that the breakthrough yeast cells exhibited greater cell survival than 
the non-encapsulated yeast cells but lower cell survival than the immobilised cells in 
the fermentation process. Moreover, the micro-bioreactors would continuously 
generate and liberate viable cells into the fermentation medium.  
 
All the micro-bioreactors (GG-TEY, SA-TEY and EC-TEY) exhibited reusability 
potential. The ethanol yields increased with the number of fermentation cycles and 
then levelled off and decreased. Similar results were obtained by Jamai et al. (2001), 
whereby the fermentation efficiency of encapsulated cells improved with an increase 
in number of fermentation cycles. The GG-TEY micro-bioreactors possessed higher 
fermentation efficiency than the SA-TEY micro-bioreactors, followed by the EC-TEY 
micro-bioreactors. The maximum ethanol yield produced by the GG-TEY micro-
bioreactors in the sixth fermentation cycle (16.4 %, v/w) was significantly higher than 
that produced by the SA-TEY (12.3 %, v/w) and the EC-TEY (11.7 %, v/w) micro-
bioreactors in the eighth fermentation cycle (p < 0.05). The ethanol yields produced 
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by the GG-TEY micro-bioreactors in the first twelve cycles were comparable if not 
higher than the maximum ethanol yield of SA-TEY and EC-TEY micro-bioreactors 
respectively (Figures 57 and 60).  
 
The relatively more stable gellan gum matrix provided better protection to the 
encapsulated yeast cells than the non-coated and EC-coated calcium alginate micro-
bioreactors. The protective function of the matrix was clearly an important factor to 
enable higher fermentation efficiency as the GG-TEY micro-bioreactors produced 
relatively higher ethanol yields than the SA-TEY and the EC-TEY micro-bioreactors 
in all the fermentation cycles. The loss of cell viability due to exposure to surrounding 
toxic metabolites in the fermentation medium was dependent on the porosity of the 
polymer matrix. The relatively less porous gellan gum matrix reduced the harmful 
effect of the toxic metabolites by minimising direct contact between the encapsulated 
cells and the toxic metabolites. Hence, the viability of the cells could be preserved to 
achieve high cell density within the micro-bioreactors for fermentation. Unlike gellan 
gum, the relatively more porous calcium alginate allowed a higher extent of direct 
contact to the toxic metabolites. This in turn affected the cellular activities of the 
encapsulated yeast cells and reduced the performance of the micro-bioreactors. 
Therefore, the GG-TEY micro-bioreactors achieved maximum ethanol yield faster 
(sixth cycle) than the SA-TEY and EC-TEY micro-bioreactors (eighth cycle). 
Moreover, the SA-TEY and EC-TEY micro-bioreactors were smaller in size 
(approximately 17 µm), thus the capacity of the microspheres to support high cell 
density would be lower than the GG-TEY micro-bioreactors (36.7 µm).  
 
 
Results and Discussion: Part Four 
193 
 
D. Sucrose uptake by micro-bioreactors 
Earlier results showed that fermentation of 20 or 30 %, w/w sucrose using SCA 
produced comparable amounts of ethanol while 40 %, w/w sucrose inhibited ethanol 
production. The same trend was observed with TEY. Hence, fermentation studies 
were carried out using 30 %, w/w sucrose to eliminate the limiting factor of sucrose 
exhaustion. Theoretically, complete fermentation of 30 %, w/w sucrose should yield 
approximately 61.4 mL of ethanol. However, the free SCA and TEY cells produced 
approximately 28.4 mL and 38.5 mL of ethanol respectively in the first fermentation 
cycle (Figures 64 and 65). They only consumed 46.3 % (41.6 g) and 62.7 % (56.4 g) 
of the 90 g sucrose added into the fermentation medium (Figures 64 and 65). The free 
SCA and TEY cells were unable to convert all the sucrose completely into ethanol 
due to the inhibitory effects of cumulative metabolite toxicity. The ethanol yield and 
sucrose uptake of both the free yeast cells decreased with successive fermentation 
cycles (Figures 64 and 65). The high ethanol concentration in the fermentation 
medium affected the cellular activity and reduced the viability of the yeast cells in 
each fermentation cycle. Hence, the fermentation efficiency of the yeast cells 
decreased with successive cycles.   
 
Conversely, the ethanol production and sucrose uptake of the micro-bioreactors 
increased and then levelled off with successive fermentation cycles (Figures 64 and 
65). The sucrose uptake was calculated based on the amount of ethanol produced from 
the 90 g of sucrose added into the fermentation medium. The encapsulated yeast cells 
were able to utilise more sucrose for fermentation despite the increasing ethanol 
concentration in the fermentation medium.  
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Clearly, the matrix barrier reduced the inhibitory effect of the toxic metabolites and 
preserved the viability of the encapsulated yeast cells. The re-used GG-SCA and GG-
TEY micro-bioreactors were able to convert much more sucrose into ethanol 
compared to the free yeast cells after the fourth and first fermentation cycles 
respectively. The GG-SCA micro-bioreactors utilised more than 50 % of the sucrose 
in the fermentation medium after the fifth fermentation cycle, with the highest sucrose 
uptake of 46.1 g (51.2 %) in the sixth fermentation cycle yielding 31.5 mL of ethanol 
(Figure 64). On the other hand, the GG-TEY micro-bioreactor converted more than 70 
% of the sucrose after the fourth fermentation cycle with the highest ethanol yield of 
49.2 mL from 72.1 g (80.1 %) of sucrose in the sixth fermentation cycle (Figure 65). 
 
The SA-TEY and EC-TEY micro-bioreactors in the eighth cycle consumed 
comparable amount of sucrose to that of the free TEY cells in the first fermentation 
cycle (Figure 65). Unlike the gellan gum micro-bioreactors, the sucrose uptake by the 
calcium alginate micro-bioreactors was not significantly increased with successive 
fermentation cycles. As mentioned previously, the extent of protection provided by 
the calcium alginate matrix was lower than that of the gellan gum matrix due to the 
instability of the calcium alginate matrix under acidic conditions. Weakening and 
disintegration of the calcium alginate matrix exposed the encapsulated yeast cells to 
the harmful effect of ethanol toxicity. The cellular activities of the encapsulated cells 
would thus be affected, reducing the capability of the micro-bioreactors to generate 
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E. Cumulative ethanol yields produced by micro-bioreactors in multiple 
fermentation cycles 
The cumulative ethanol yields obtained with the GG-TEY (R2 = 0.996), SA-TEY (R2 
= 1.000) and EC-TEY (R2 = 0.999) micro-bioreactors increased linearly with the total 
number of fermentation cycles, resulting in 407.5, 335.1 and 295.5 mL of ethanol 
from ten fermentation cycles respectively (Figure 66). The amount of ethanol 
produced from ten fermentation batches using free TEY cells was 272.1 mL. The 
cumulative ethanol yields from ten fermentation cycles using the respective micro-
bioreactors were all higher than that of the free TEY cells. In particular, the 
cumulative amount of ethanol produced by the GG-TEY micro-bioreactors was 1.5 
times of that produced by the free TEY cells (Figure 66). When re-used up to fifteen 
fermentation cycles, the GG-TEY, SA-TEY and EC-TEY micro-bioreactors could 
produce 574.2, 500.7 and 447.1 mL (Figure 66). The high cumulative ethanol yields 
produced using the re-usable micro-bioreactors clearly showed that the micro-
bioreactors could be potentially used in continuous fermentation processes. 
 
Compared to free TEY cells, the fermentation time required by the GG-TEY micro-
bioreactors in batch processes was longer as time was needed for liberation of yeast 
cells into the fermentation medium to carry out fermentation (Figure 39). The 
prolonged fermentation time was also attributed to restriction in mass transfer of 
nutrients and metabolites, which affects the propagation of yeast cells within the 
micro-bioreactors. However, the micro-bioreactors have the important advantage of 
potential application in continuous fermentation. The disadvantage of longer 
fermentation time would be avoided in a continuous fermentation process where a 
relatively constant number of free yeast cells is sustained.  
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Ikegami et al. (1998) reported that active viable yeast (daughter cells) was required 
for continuous fermentation processes to produce large scale bio-ethanol. It is 
indispensible to maintain a high yeast cell concentration in the fermentation medium 
to ensure efficient and cost-effective continuous fermentation process. The micro-
bioreactors have demonstrated its capability to maintain high concentration of active 
viable yeast cells for fermentation. Melzoch et al. (1994) reported that the 
fermentation activity of encapsulated yeast cells persisted for a long period of time. 
Hence, the fermentation performance of the micro-bioreactors would be maintained 
for a long period of time with continuous supply of substrate into the fermentation 
vessel. This would increase the ethanol productivity and decrease the production cost 
(Roukas, 1996). In contrast, batch fermentation processes using free yeast cells would 
incur additional cost and time to revive a fresh yeast culture as well as cleaning and 
sterilisation of the fermentation system.  
 
In addition, the viability and fermentation efficiency of the free yeast cells had been 
shown to be markedly decreased by their long exposure to ethanol during 
fermentation, rendering them unsuitable for re-use (Figure 55). Furthermore, free 
yeast cells can only be recovered from the fermentation medium by centrifugation, 
which is not economical for industrial application. Conversely, the micro-bioreactors 
can be easily recovered from the fermentation medium by filtration. 
 
Furthermore, the results of the stability study showed that the gellan gum would 
gradually degrade in the fermentation medium (Figure 51). This would in turn 
increase the permeability and porosity of the matrix and decrease the mass transfer 
restriction. Higher porosity would also support cell propagation within the micro-
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bioreactors and allow efficient liberation of cells into the fermentation medium for 
fermentation. Hence, the time taken to achieve the maximum ethanol yield would be 
expected to decrease when the GG-TEY micro-bioreactors were re-used in subsequent 
fermentation cycles for batch fermentation processes. The earlier study on 
fermentation efficiency of the SA-TEY and EC-TEY micro-bioreactors had 
demonstrated that the fermentation time to achieve maximum ethanol yields were 
shortened by 2 and 3 days in the eighth cycle respectively (Figure 61). The shortened 
fermentation time observed was attributed to the weakening of the polymer matrix 
over time, reducing the mass transfer restriction. Similarly, the fermentation time 
required by the GG-TEY micro-bioreactors would decrease in the subsequent 
fermentation cycles. 
 
The micro-bioreactors may also be employed in a packed bed reactor for 
fermentation. Fresh fermentation medium could be channelled through the reactor 
packed with micro-bioreactors for continuous fermentation process (Verbelen et al., 
2006). Najafpour et al. (2004) reported that fermentation setup using packed beads 
containing immobilised yeast cells in a column markedly increased the ethanol 
productivity and allowed utilisation of high substrate concentration. Moreover, the 
micro-bioreactors could be packed in a perforated setup to facilitate separation of the 
micro-bioreactors from the solid feedstock.  
 
Fermentation of lignocellulosics has become one of the most promising source of 
renewable energy for the production of bio-alcohols. However, pre-treatment process 
is required to hydrolyse the cellulosic materials into fermentable sugars prior to 
fermentation. The hydrolysed semi-solid substrates would require cooling and 
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neutralisation before inoculation of cells to preserve the viability of the cells for 
efficient fermentation, which is costly and time consuming (Sree et al., 1999). The 
gellan gum micro-bioreactors have demonstrated its stability under acidic condition 
(approximately pH 3) during fermentation. Hence, the gellan gum micro-bioreactors 
could be used for fermentation of the hydrolysed semi-solid substrates with less 
stringent neutralisation process. Furthermore, the encapsulated yeast cells could be 
protected from the inhibitory effect of toxic by-products released during acid 
hydrolysis (Purwadi and Taherzadeh, 2008; Boyer et al., 1992). Moreover, the gellan 
gum is also relatively stable to degradation by microorganisms. This is of great 
advantage to use the gellan gum micro-bioreactors for production of ethanol from 
sugar-rich wastes such as the abundance food wastes. The food wastes are generally 
contaminated with microorganisms. The gellan gum micro-bioreactors would be 
resistant to degradation by the contaminated microorganism present in the waste 






Both the Saccharomyces cerevisiae ATCC 9763 (SCA) and Turbo Extra Yeast (TEY) 
were successfully encapsulated in the gellan gum (GG) and the calcium alginate (MA) 
microspheres using an optimised emulsification method to form micro-bioreactors. 
The viability of the yeast cells was not markedly affected by the conditions employed 
in the encapsulation process. The free and encapsulated TEY cells exhibited higher 
fermentation capability and tolerance to ethanol toxicity than the corresponding SCA 
cells respectively. Irrespective of the type of yeast, the calcium alginate micro-
bioreactors produced higher ethanol yields than the corresponding gellan gum micro-
bioreactors. However, the calcium alginate micro-bioreactors were less stable and 
disintegrated at the end of the fermentation process. The fermentation efficiency of 
the micro-bioreactors was affected by the type of yeast, as well as the type of 
encapsulating polymer used. 
 
Calcium alginate micro-bioreactors composed of TEY cells encapsulated with a 
higher viscosity grade of alginate were also successfully produced on a larger scale 
using the emulsification method. The spray drying conditions employed to scaffold-
coat the micro-bioreactors affected the viability of the cells. The SA-TEY and the EC-
coated micro-bioreactors (EC-TEY) produced lower ethanol yields than the free TEY 
cells in the first fermentation cycle. The ethanol yield of the EC-TEY micro-
bioreactors was also much lower than that of the non-coated SA-TEY micro-
bioreactors. The lower fermentation efficiency was attributed to the harmful effect of 
the spray drying process, as well as mass transfer restriction due to the scaffold coat. 
The scaffold coat was unable to prevent cell breakthrough as swelling of the calcium 




Compared to the free yeast cells, the micro-bioreactors required longer fermentation 
time to achieve maximum ethanol yield in the first fermentation cycle. The yeast cells 
were subjected to stress during the encapsulation process and required additional time 
to recover before carrying out fermentation. Moreover, presence of the matrix barrier 
impaired mass transfer of nutrients and metabolites, affecting the growth and 
fermentation performance of the encapsulated cells. Additional time was also required 
for liberation of yeast cells into the fermentation medium to carry out fermentation. 
Besides contributing to the production of ethanol, the micro-bioreactors played a 
greater role as a reservoir for generation of free yeast cells to carry out fermentation.  
 
The micro-bioreactors could be recovered from the fermentation medium by filtration 
and re-used for at least fifteen fermentation cycles with relatively high ethanol yield. 
The fermentation efficiency of the micro-bioreactors improved over the number of 
fermentation cycles, before it levelled off and then decreased. The micro-bioreactors 
were porous and enabled efficient mass transfer. Although they allowed cell 
breakthrough, they also enabled proliferation of the encapsulated cells to maintain the 
cell density of the micro-bioreactors. The micro-bioreactors were stable and strong, 
remaining intact throughout repeated use. These micro-bioreactors showed high 
reusability potential. High stability of micro-bioreactors during fermentation is very 
important especially for industrial application involving continuous fermentation 
processes. Overall, gellan gum was more suitable than calcium alginate for 
encapsulating yeast cells to produce re-usable micro-bioreactors for fermentation. 
 
The micro-bioreactors could be potentially employed in continuous fermentation 




perforated column would increase ethanol productivity and reduce cost of production. 
Moreover, the setup would facilitate separation of the micro-bioreactors from the 
solid feedstock during fermentation of lignocellulosics. Microencapsulation using 
gellan gum may be applied to other microorganisms and cells to enhance the 
production of antibiotics, enzymes or proteins. It may also be applied to drugs to 
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